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5th  March  -  Moderator;  Eric  H.  W«»g,  AFSWC 

Official  Welcome  -  Col.  L.  A.  Eddy,  AFSWC,  Deputy  Director  of  Reaearch 


AFSWP  latereat  In  Shock  Tube  Reaearch; 

Jack  Kelao,  Armed  Forcea  Special  Weapona  Project 
Shock  Tube  Wind  Tunnel  Reaearch  at  the  Naval  Ordnance  l#aboratory : 

P.  Aronaon  and  T.  Marahal,  Naval  Ordnance  Laboratory 


Shock  Tube  Studiea  of  Blaat  Preaaurea  Behind  Frangible  Wall  Panela: 

T.  A,  Zaker  Armour  Reaearch  Foundation 
Compariaon  of  Shock  Tube  and  Field  Teat  Data  on  the  Preaaure  Build-up 
Behind  Frangible  Walla: 

E,  Sevin,  Armour  Reaearch  Foundation 

LUNCH 

Trip  tc  Lockheed  Reaearch  Center 

Some  Reaulta  from  Uae  of  a  Shock  Tube  for  Biomedical  Investigation: 

Dr.  D.  R.  Richmond^  R.  V.  Taborelli,  Lovelace  Clinic, 
Albuquerque,  New  Mexico 

Experimentation  widh  General  Electric  Six- Inch  Shock  Tunnel: 

£.  M«  Kaegi,  General  Electric 

Preaaure-Tlme  History  in  a  Chamber  Subjected  to  Shock  Wave  Filling 
Through  an  Orifice: 

R.  Clark,  Balliatics  Reaearch  Laboratoriea 
Determination  of  the  Time  Hiatory  of  the  Flow  Field  about  a  Blunt  Body 
in  a  Shock  Tube: 

Edward  Offenhartz;  Herbert  Weiablatt,  AVCO  Reaearch  Laboratory 


6th  March  -  Moderator:  Jack  Kelao,  AFSWP 

Some  £xperint'^:::i^£  with  Periodic  Shocks: 

Dr.  Jack  Kotik,  Cambridge  Research  Center 
On  the  Effect  of  Attenuation  on  Gas  Dynamic  Measurements  Made 
in  Shock  Tubes : 

P.  H,  Rose;  W.  Nelson,  A¥CO  Researcn  Laboratory 
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WELCOMING  ADDRESS 


Colonel  Leonard  A.  Eddy  -  USAF 

Deputy  Director 

Rciearch  Directorate 

Air  Force  Special  Weapon*  Center 

Kirtland  Air  Force  Base,  New  Mexico 


On  behalf  of  the  Air  Force  Special  Weapon*  Center,  Colonel  Eddy 
welcomed  the  assembled  group.  He  clarified  the  rea*oa  for  the  Air  Force 
Special  Weapons  Center  in  sponsoring  the  Shock  Tube  Symposium  by  in¬ 
dicating  that  the  Air  Force  Shock  Tube  Laboratory  at  Gary,  Indiana  is  the 
AFSWC  facility,  and  described  it*  physical  characteristic*  and  capability. 
This  laboratory  consists  of  6  ft,  2  ft  and  4  in.  diameter  shock  tubes. 

Next,  Colonel  Eddy  emphasized  the  primary  concern  of  this  sympo¬ 
sium  in  keeping  abreast  with  the  modern  development,  techniques,  opera¬ 
tion  and  instrumentation  of  shock  tubes,  wished  a  success,  and  turned  the 
meeting  to  Mr.  Eric  H.  Wang  of  AFSWC,  who  was  the  moderator  th  first 
day  of  the  symposium. 


Xlll 


1 


afswp  jhterest  m  smock  tube  research 


J«ck  R.  Kelso 

Armed  Forces  Special  Weapons  Project 


It  is  again  a  privilege  for  me  to  speak  before  this  group  concerning 
the  intsrrsi  of  the  Armed  Forces  Special  Weapons  Projcwt  in  shock  tube 
research.  As  many  of  you  are  aware,  our  headquarters  is  a  tri-Servicc 
organization  which  supports  various  research  and  development  projects  in 
the  weapons  effects  field.  The  specific  objectives  of  such  studies  are  con¬ 
cerned  with  problems  common  to  the  three  Services,  Consequently,  thtse 
projects  are  usually  administered  for  us  by  different  service  groups.  Our 
interest  is  largely  concerned  with  providing  as  many  answers  as  possible 
to  these  various  problems  through  shock  tube  research, 

I  should  therefore  like  to  discuss  the  uee  of  shock  tubes  in  terms 
of  the  application  of  the  information  which  is  obtained  rather  than  from  the 
operational  viewpoint.  In  particular,  1  would  like  to  consider  current  trends 
m  shock  tube  research  with  some  attention  to  a  recent  change  of  philosophy 
which  is  quite  significant.  Many  of  you  were  present  last  year  at  the  First 
Annual  Shock  Tube  Symposium  held  in  Boston.  At  that  time,  I  listed  the 
three  types  of  investigations  which  are  usually  carried  out  in  the  shock  tube; 
namely, 

(!)  Studies  of  basic  phenomena, 

(Z)  Iioading  of  objects, 

(3)  Response  of  objects. 

Further,  I  stated  that  most  of  the  effort  in  the  weapon  effects  field  up  to  that 
time  was  concerned  with  the  first  two  items;  namely,  basic  phenomena  and 
loading  of  objec^^s  .  It  appeared  then  that  only  limited  response  tests  were 
feasible  in  the  shock  tube  because  of  size  and  other  considerations,  such  as 
modeling,  which  could  not  always  account  for  mass  and  gravity  effects.  Con¬ 
sequently,  response  tests  as  such  were  usually  confined  to  proof  tests  of 
small  components  to  determine  damage  and  translation. 

However,  it  now  appears  that  response  tests  can  be  successfully 
designed  for  the  shock  tube  which  will  give  information  on  the  mode  of  failure 
of  a  particular  item.  Such  information,  when  coupled  with  loading  data  on  a 
non- responding  model,  can  be  used  to  calculate  the  response  of  a  much  larger 
structure.  An  example  of  this  procedure  might  be  a  recent  program  conducted 
by  the  Armour  Research  Foundation  in  the  six-foot  shock  tube  at  Gary,  Indiana 
to  determine  the  blast  loading  and  response  of  floating  roof  oil  storage  tanks. 
Very  heavy  lead  models  were  used  to  obtain  air  blast  loading  information 
for  various  shock  strengths  and  degrees  of  filling.  Scaled  models  containing 
water  and  mercury  were  also  tested  to  find  modes  of  response.  The  results 
of  these  tests  were  used  to  develop  a  generalized  blast  loading  procedure 
which  is  now  being  applied  in  an  extensive  ouialytical  program.  When  this 
program  is  completed,  reliable  predictions  of  damage  to  such  structures  can 
be  made  under  a  variety  of  conditions. 


Other  #>eAmplef  o(  retpon#c  teiting  *re  equipment  checkout  a^nd 
«ircr*f!  component#.  The  t«it#  of  variou#  »trcr*ft  component#  were  dcicribcd 
by  Or,  Schiffman  of  Armour  Retearch  Foundation  l##t  year.  Equipment 
checkout  include#  t«§t#  of  miniature  fAfc#  for  ihock  tube  u#e  a#  well  a* 
large  field  fagt#  iuch  a#  dynamic  prctiure  und  total  force  gage#  and  aliO» 
complex  recording  and  telemetering  equipment.  Incidentiy,  iuch  field 
in#trumentatton  a#  well  a#  model#  can  further  be  t«#ted  under  iimulatcd 
environmental  cendition#  when  particulate  matter  «uch  a#  water  or  duat  I# 
introduced  Into  a  thock  tube.  The  ihock  wave  pa#ie#  through  iuch  material 
and  the  loadinf  and  re»pon#e  of  particular  item#  arc  then  compared  to  ilmilar 
data  involvmg  only  clean  air. 

Due  to  the  iuccei#fuJ  re»ult#  obtained  during  the#e  variou#  re#pon#c 
te«i»  in  the  pait  year,  the  intercat  of  the  AFSWP  ha#  turned  more  to  the 
loading  and  reaponae  of  object#  and  le##  to  the  ba«ic  phenomena.  It  i#  felt 
that  in  many  area  detailed  information  cam  be  obtained  by  a  shock  tube  pro¬ 
gram  at  a  very  reaaonable  coit  while  a  #imilar  amount  of  data  could  not  be 
obtained  in  the  field  during  an  atomic  tc#t  because  of  economic  or  practical 
reason#.  A  particular  model  can  be  Investigated  in  the  ihock  tube  under  as 
many  different  conditions  as  you  may  wish  >:o  impose,  that  is,  an  almost 
infinite  variation  of  parameters.  And  of  course,  reproducibility  can  be  easily 
determined  while  a  full-scale  structure  io  usually  tested  on  a  one-time  basis 
only.  Therefore,  we  feel  that  the  shock  ttibe  is  the  best  place  to  conduct 
fundamental  studies  and  thus  narrow  the  limits  of  uncertainty. 

A  properly  designed  shock  tube  program  enables  one  to  determine 
the  relation  between  free  field  blast  phenomena  and  the  loading  of  representa¬ 
tive  targets  which  can  then  be  extended  to  full-scale  conditions  through  the 
proper  scaling.  In  many  cases  the  requirement  for  exposure  to  an  atomic 
blast  wave  can  be  reduced  or  eliminated  through  shock  tube  research.  In 
other  cases  information  can  be  obtained  which  will  aasist  in  planning  or  analyz¬ 
ing  the  results  of  a  full-scale  test.  The  ultimate  use  of  all  such  information 
is  in  its  application  to  structural  response  and  damage;  for  example,  data  of 
this  nature  is  contained  in  the  unclassified  AEC-DOD  publications,,  "Effects 
of  Nuclear  Weapons"  (1957),  which  supercedes  the  "Effect  of  Atomic  Weapons" 
(1950)  1  mentioned  last  year. 

At  that  time  I  also  mentioned  a  number  of  areas  in  which  further 
work  seemed  necessary.  These  concerned  the  development  of  shock  tube 
capability  to  provide  higher  shock  strengths  and  longer  durations  as  well  as 
more  direct  methods  for  measuring  particle  velocity  and  dynamic  pressure. 

A  large  amount  of  work  has  been  carried  out  in  these  areas  which,  in  fact, 
are  becoming  more  important  each  day,  particularly  with  respect  to  the 
protective  construction  field.  For  example,  reliable  data  has  been  obtained 
for  shock  strengths  up  to  ten  in  the  6-foot  shock  tube  by  evaucating  the  expan¬ 
sion  section.  Higher  shock  strengths  up  to  35  have  been  observed,  but  the 
gages  broke  down  quickly  so  that  it  was  not  possible  to  obtain  loading  informa¬ 
tion.  Also  during  this  period  the  Ballistic  Research  Laboratories  began  the 
construction  of  a  high  pressure  shock  tube  so  that  tests  can  be  carried  out  at 
ambient  atmospheric  pressure  for  overpressures  up  to  300  psi  while  the 
normal  relations  between  shock  parameters  can  be  obtained. 


Other  effort  ht*  been  concerned  with  developing  a  miniatwre 
dynamic  preaaure  gage  or  q-gage  at  both  of  theae  agencies.  Some  progress 
has  been  made  but  neither  gage  is  currently  available  in  operational  status. 

The  Ballistic  Research  Laboratories  has  been  successful  in  developing  a 
transient  force  balance  which  has  given  drag  coefficients  which  are  in 
general  agreement  with  those  derived  from  wind  tunnel  and  full-scale  tests. 
However,  in  the  6-foot  shock  tube  a  full-scale  q-gage  will  be  used  to  obtain 
some  knowledge  of  the  actual  flow  field  in  order  to  obtain  more  reliable 
drag  coefficients. 

In  addition  to  those  tasks  1  have  already  mentioned,  other  current 
APSWP  projects  involve  the  blast  loading  of  ship  superstructures,  pickup 
of  water  by  shock  waves,  loading  and  response  of  arches  and  domes  in  the 
high  pressure  region  as  well  as  tests  of  entrancewayo  and  ventilation  systems, 
and  also  terrain  effects  and  shielding  and  biomedical  experiments. 

In  conclusion,  I  would  like  to  mention  that  the  interest  of  the  AFSWP 
in  future  shock  tube  work  lies  in  the  utilization  of  higher  pressures  to  obtain 
blast  loading  information  on  other  structural  configurations  as  well  as  addi¬ 
tional  gage  calibration.  It  is  hoped  that  the  miniature  q-gage  development 
can  be  successfully  accomplished  in  the  near  future.  At  the  same  time,  longer 
durations  are  desired  to  provide  further  information  on  transient  drag  coeffi¬ 
cients.  However,  the  progress  of  work  presently  being  done  in  these  areas 
leads  one  to  believe  that  the  shock  tube  will  continue  to  be  an  efficient  and 
economical  means  to  obtain  a  large  amount  of  useful  information  that  can  be 
readijy  applied  military  problems  in  the  weapons  effects  field. 
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SHOCK  TUBE  WIND  TWNEL  RESEARCH 

AT  THE  U.  S.  NAVAL  ORDNANCE  LABORATORY 

P.  M,  Aronson^  T.  Marihiili,  A,  E.  Sisigcl, 

E,  I.  SlAwik/  amd  E,  F.  Smiley 


Detcription  of  Faicilities 


The  U.  S.  Naval  Ordnance  L«it>oratory  hae  been  pioneering  the  use 
of  hyperaonic  shock  tunnel  as  aerodynamic  tools  since  1951  when  Dr.  Ernst 
H.  Winkler  conceived  and  constructed  at  NOL  a  simple  model  utilizing  a 
0.  50  caliber  gun  barrel  as  the  low-pressure  chamber  with  a  hydgrogen- oxygen 
driver.  At  that  time  a  conical  nozzle  was  fastened  to  the  end  of  the  0.  50  caliber 
gun  barrel,  transforming  the  shock  tube  into  a  shock  tube  wind  tunnel  (shock 
tunnel)  capable  of  producing  a  flow  of  argon  at  a  velocity  of  Mach  5  at  one 
atmosphere  free  stream  pressure.  The  0.50  caliber  shock  tunnel  provided 
too  short  a  blowing  time  to  be  of  much  use  aerodynamic  ally  so  that  interest 
was  soon  shifted  to  larger  facilities. 


A  table  listing  the  shock  tunnel  facilities  at  the  Naval  Ordnance 
laboratory  is  shown  in  Figure  1.  Each  facility  is  identified  by  the  inside 
diameter  of  its  low-pressure  chamber.  A  20mm,  a  40mm,  a  1-3/4-inch, 
and  a  4-inch  shock  tunnel  comprise  the  list  of  shock  tuimel  facilities.  All 
but  the  4-inch  shock  tunnel  are  presently  in  use  at  the  Laboratory.  Installa¬ 
tion  of  the  4-inch  shock  tunnel  is  now  taking  place,  and  this  facility  is  expected 
to  be  in  operation  15  May  1958. 


The  table  shown  in  Figure  1  compares  the  various  dimensions  of 
the  four  shock  tunnels,  .  The  lengths  of  the  low-pressure  chambers  are 
given  in  calibers;  that  is,  length  divided  by  diameter.  The  61 -foot-long, 
low-pressure  chamber  of  the  4- inch  shock  tunnel  is  expected  to  provide  a 
blowing  time  in  the  millisecond  range,  which  is  twice  as  long  as  the  blowing 
time  obtained  with  the  40mm  shock  tunnel.  Because  the  4-inch  shock  tunnel 
is  so  constructed  as  to  permit  lengthening  of  the  low-pressure  chamber,  the 
blowing  time  of  this  tunnel  can  be  varied  correspondingly. 


In  order  to  increase  driver  efficiency,  each  shock  tunnel  makes 
use  of  chambrage;  that  is,  each  utilizes  a  high-pressure  chamber  having  an 
inside  diameter  larger  than  the  inside  diameter  of  the  low-pressure  chamber. 
If  chambrage  is  a  number  representing  the  ratio  between  inside  diameters  of 
the  high  and  low-pressure  chambers,  then  (see  Table  I),  the  amouid:  of 
chambrage  used  in  the  20mm,  1-3/4- inch,  and  4- inch  ishock  tunnels  is  about 
the  same,  approximately  2.  5,  The  chambrage  on  the  40mm  shock  tunnel  is 
less,  about  1,75. 
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I  TImi  Wgli-f>rf«iijur«  chiJsi^lNir*  of  t.ti«  liman,  l-S/4-l»cli  iyai.  4-liicfe 

I  ihock  toBBoli  hmwm  hmmm  t#  W'IMkMUni  pr«i»arf*  te  •«•••  of 

t  60, 000  pii.  The  Wgfe-prtf  •vur«  c^umbor  of  tim  4^imh  fmcility  t*  »ct«jair  m 

S-iach  Nmvjd  fim  boi*od  to  10  tscl^iis,  Th*  40mm  iliock  toaauil  h**  «JUio  4 
gua-likg  Wfh-pre**ttT«  ch*mb«r  w^lj  i«  cmpMhU  of  wittistmadiaf  com6»*tioR 
'  pr«»«arei  of  110,000  p»i.  High-pr«»»«r*  clutmlior#  dbtifxod  to  withJtoad 

fucii  high  Internal  preaiuxei  are  required  to  ehock  taanele  to  prod«je  irerf 
•trong  thock  •ware*  to  air  which  ia  cottitoerahlir  altove  «ea*level  dene  it  jr, 

f  The  ratio  of  low  to  high-preaeare  chamker  iiisgtoa  for  each  facility 

I  la  Hated  to  the  table*  Proportimal  to  ita  leagth,  the  4»l*ch  ahock  tmmal  haa 

I  the  loageat  high>preaaare  chamber,  it  being  13  feet  Jong  and  havh^  ea  internal 

volume  of  ?,  3  cubic  feet. 

,  Both  the  20mm  and  l-3/4»toch  ehock  t^oe^le  have  30  degree,  total 

angle,  conical  noaalee  located  at  the  end  of  the  low-prea lure  chamber,  How- 
I  ever,  unlike  the  ZOmm  ehock  tunnel,  the  1-3/4-iJKh  ehock  taxael  hae  a 

restricted  noaelo  to  order  to  tocreaae  blowing  tee  to  the  test  aectloa. 

At  toe  prcaent  time  ttoi  40nrim  ehock  twmel  le  operated  without  a  aoaaie.  The 
working  gas  is  allowed  to  expand  freely  from  the  end  of  the  low-preeeure 
chamber  inaide  the  dump  chamber.  Provision  haa  bean  made  to  mount  a 
pick-up  aoaxle  away  from  the  end  of  the  low-preeaure  chamber  to  convert  toe 
^  radial  flow  into  parallel  flow.  The  4-toch  ahock  temil  ia  to  ha  i^rid«d  to  a 

aimilar  manner. 

» 

In  contraat  to  the  aise  of  toe  4-inch  facility,  toe  20mm  ahock 
tunnel  haa  an  overall  length  of  17  feet,  6  feet  of  which  are  reijaired  for  the 
noBzle,  teat  aection,  and  dump  chamber.  Althouj^  toe  blowiiig  time  of  thia 
tunnel  ia  about  180  microaeconda,  of  which  only  6Q  microaaco^a  can  be 
coaaidered  aa  being  steady,  a  number  of  meaaurementa  have  been  carried 
[  out  in  the  test  aection.  The  meaaarementa  incliade  those  of  static  pressura, 

I  pitot  pressure,  and  heat  transfer,  as  well  as  the  photogri^htog  of  the  flow 

F  over  models  by  means  of  high-speed  camera  techniques. 

The  20mm  ahock  tusmii  ia  shown  in  Figure  2.  Ih  the  background 
appears  a  Beckmann- Whitley  high-speed  framing  camera  used  for  recording 
toe  flow  in  the  teet  eectton.  The  simple  loading  and  control  panel  for  the 
20mm  ahock  tunnel  is  shown  in  Figure  3,  At  the  left  qppeari  a  free-pieton 
compreeaor  and  oil  pump  for  conqpreaeing  hydrogen  to  pressures  in  excess 
of  8000  pai. 

In  Figures  4  and  5  are  sltown  toe  40mm  shock  tnanel  and  control 
room  for  that  facilitj.  The  bank  of  oscilloscopes  shown  in  the  center  of 
Figure  5  is  used  for  recording  pressure  distributioim  over  models  placed 
in  the  teat  section  of  toe  40mm  tunnel. 

The  1-3/4- inch  shock  tunnel  appears  in  Figure  6. 

II.  Operating  Ccmditiioiis  for  the  Shock  Tunnels 

Today  attention  is  being  focueeed  on  the  re-entry  problem  where 
mlseUea  re-enter  the  earth's  atmosphere  at  very  high  velocities.  Is  addi¬ 
tion  to  making  heat  transfer  and  pressure  measurements  on  aerodynamic 
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•  under  re-entry  condition*,  ob*erv4ition  of  boundary  layer  build-up 

and  wake  aatocsated  with  ihe  htfh-ipeed  mssiile  fligfei  it  highly  desirable. 

In  order  to  obaerve  boundary  layer  ano  wake  in  the  laboratory  u*;ng  fcaled- 
down  modeli,  the  denatty  o*I  the  atr  ftowiog  m  the  legt  lection  of  a  shock 
tunnel  must  be  at  leaal  0.0*  amagat  where  i.O  arrtagat  unit  if  *he  dens  tty 
of  atr  at  0*C  and  I  atmoaphere  presfure. 

Simulation,  for  example,  of  Mach  i  $  flight  m  air  at  a  temperature 
of  b*C  and  O.Oi  amagat  denaify  if  not  easily  achieved  sn  a  shock  tunnel  In 
order  to  provide  iheae  conditions,  the  working  ga#^  msttally  at  a  preasure 
of  6.5  atmospheres,  must  be  compreised  to  a  pressure  of  i  l ,  000  psi  by  a 
•hock  wave  traveling  at  Mach  9,5, 

The  production  of  a  strong  shock  wave  m  such  dense  air  requires 
a  driver  gas  raised  to  a  very  high  pressure  and  temperature  Such  pressures 
and  temperatures  can  be  obtained  simultaneously  using  combustible  gas  mix¬ 
tures  in  the  high-pressure  chamber.  Hydroger  and  oxygen  mixtures  with 
or  without  helium  added,  appear  to  be  the  most  popular  in  use.  Measurements 
made  on  the  40mm  shock  tunnel  indicate  that  approximately  50,000  psi  combus¬ 
tion  pressure  in  an  oxygen-hydrogen-heiium  mixture  produces  a  Mach  9  shock 
wave  in  initially  4  atmospheres  of  air.  In  this  case  the  air  behind  the  shock 
wave  is  compressed  of  6500  psi.  It  appears,  therefore  that  a  combustion 
pressure  in  excess  of  i00,000  psi  is  required  in  the  high-pressure  chamber  of 
the  40mm  shock  tunnel  in  order  to  drive  the  necessary  Mach  9.  5  shock  wave 
in  6,5  atmospheres  of  air  and  thus  simulate  the  flight  conditions  of  Mach  13 
at  O.Oi  amagat  density  in  the  test  section.  Increasing  the  combustion  pres¬ 
sures  above  100,000  psi  in  this  case  is  not  a  feasible  solution  since  one  must 
contend  with  the  ultimate  strength  of  the  high-pressure  chamber  itself.  The 
high-pressure  chamber  of  th  40mm  tunnel  is  able  to  withstand  pressures  in 
excess  of  lOO  000  psi.  It  would  be  quite  unwise,  however  to  operate  at  this 
pressure  level  which  leaves  little  or  no  margin  of  safety. 

Because  of  the  practical  limitations  of  physical  size,  cost,  and 
safety,  it  is  quite  unlikely  that  we  shall  be  able  to  simulate  the  desired 
flight  conditions  using  the  conventional  single-stage  shock-driving  technique. 
For  this  reason,  our  group  at  the  Naval  Ordnance  Laboratory  has  turned  its 
attention  to  investigating  more  efficient  drivers  and  shock-driving  methods. 

One  such  method2  for  producing  strong  shock  waves  more  efficiently  involves 
the  use  of  the  two-stage  driver.  The  high-pressure  chamber  in  this  case 
consists  of  tv/o  sections  and  is  essentially  a  shock  tube.  This  shock  tube, 
however,  differs  from  the  conventional  shock  tube  in  that  the  gases  in  both 
chambers  are  combustible  mixtures.  After  the  gas  in  the  low-pressure 
chamber  has  been  ignited  and  reaches  its  combustion  pressure  and  tempera¬ 
ture  ,  the  mixture  in  the  high-pressure  chamber  is  ignited  resulting  in  further 
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compr«fttion  and  hcatlag  of  th«  ga?i  in  the  low-pressure  chamber  by  the  shock 
wave  which  is  fori«e4.  By  properly  designing  the  fold-back  diaphragm 
separating  the  driver  section  from  the  working  gas  section  of  the  main 
shock  timnel,  the  diaphragm  can  be  made  to  open  only  after  the  incident 
■hock  wave  In  the  driver  section  has  been  reflected.  The  reflected  shock 
wsve  further*  heats  and  compresses  the  driver  gas,  making  it  much  more 
efficient  as  a  driver  or  producer  of  shock  waves  in  the  working  gas,  Sound 
speeds  In  the  driver  gas  as  high  as  10,000  feet  per  second  should  be  easily 
obtainable  with  the  two-stage  driver,  A  unit  is  being  constructed  at  the 
luiboratory  at  the  present  time,  and  we  hope  to  be  able  to  report  on  its 
success  in  the  near  future. 

iU.  New  Ignition  Systems  for  Combustion  Drivers 

One  of  the  possible  dangers  involved  in  the  use  of  oxygen- hydrogen 
mixtures  as  comimstion  drivers  is  that  the  gas  may  detonate  rather  than  burn 
when  it  is  ignited.  When  a  detonation  occurs,  the  pressure  behind  the  detona¬ 
tion  front  may  reach  many  times  the  normal  combuation  pressure  of  the 
mixture.  Because  of  the  possibility  of  detomdion,  for  safety  rcasona  an  upper 
limit  must  be  placed  on  the  loading  pressure  for  a  particular  high-pressure 
chamber.  If  detonation  could  be  prevented  from  occurring,  then  it  would  be 
possible  to  operate  at  much  higher  loading  pressures. 

It  is  generally  known  that  detonation  in  mixtures  of  oxygen  and 
hydrogen  with  or  without  helium  can  be  largely  prevented  by  igniting  the 
mixture  at  many  points  simultaneously .  The  method  generally  used  by 
shock  tunnel  groups  to  ignite  driver  gas  without  detonation  employs  separate 
spark  plugs  at  each  ignition  point  sdong  the  high-pressure  chamber.  This 
requires  a  separate  capacitor  to  store  electrical  energy  for  each  spark  plug 
and  separate  thyratrons  for  permitting  the  capacitors  to  dump  their  charges 
simultaneously.  The  worst  feature  of  this  arrangement  is  that  a  detonation 
can  occ\ur  when  one  or  more  of  the  spark  plugs  or  thyratron  circuits  becomes 
inoperative.  Another  problem  results  from  the  large  electrical  discharge 
which  takes  place  during  the  ignition  pulse.  For  long  chambers  requiring 
a  large  number  of  spark  plugs  and  capacitors,  the  electrical  discharge  can 
set  up  an  electrical  field  resulting  in  interference  with  measurements  of 
pressure,  velocity,  and  heat  transfer.  For  &ese  reasons  our  group  has 
devoted  some  time  to  finding  an  ignition  system  which  does  not  have  these 
two  inherent  faults. 

Two  ignition  systems  based  on  the  injection  of  hot  gas  into  the 
high-pressure  chamber  have  been  developed  at  the  Naval  Ordnance  Laboratory 
and  have  been  used  successfully  for  igniting  combustion  mixtures  in  high- 
pressure  chambers. 

One  of  the  methods  of  injection  for  igniting  the  gas  at  a  number  of 
points  simultaneously  makes  use  of  a  small  ignition  chamber  external  to  the 
high-pressure  chamber,  with  equal-length  tubes  leading  from  it  to  various 
points  along  the  high-pressure  chamber.  Figure  7  is  a  picture  of  the  "spider" 
arrangement.  A  single  spark  plug  is  used  to  ignite  the  gas  mixture  in  the 
ignition  chamber.  ThB  injection  tubes  are  mounted  symmetrica^  around 
the  spark  plug.  These  tubes,  having  an  inside  diameter  of  1/16  inch  and  an 
outside  diameter  of  1/4  inch,  are  of  steel,  able  to  withstand  pressures  in 
excess  of  100, 000  psi. 
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Whan  Ih#  is  iimall  cliAmbtr  it  igsdltd, 

the  bumiiig  gft«  is  the  chmsiber  csunet  the  §«•••  is  the  ¥aurlotjui  is|ectios  ti.ib«a 
to  b«  ignited  elmsitaseoiuily.  Since  theae  tvtbee  are  of  equal  Itsfth  and  the 
bursing  rates  is  the  tube#  are  the  eamei  biirsisg  gaa  if  expelled  from  the 
ends  of  the  luhee  at  the  aasne  time.  With  thie  arrangement  it  ie  poeeible 
to  ignite  the  gae  miatore  is  the  higb*preaeitre  chamber  at  may  ssmber  of 
poista  eimullaseoualy  ualsg  a  elsgle  Mpmrk  plug. 

As  alternate  to  thie  extersal  injectios  ayetem  of  ignltios  ie  a  more 
•  imple  intersal  isjecticm.  Figure  8  ie  a  photograph  of  the  injectios  rod  used 
to  ignite  the  gae  is  the  high-preeeure  chamber  of  the  20mm  shock  tunnel. 

Thie  arrasgemesl  consists  of  a  single  steel  rod  fastened  to  one  end  of  the 
breech  plug.  The  rod,  which  stale  the  end  of  the  high-preeeure  chamber, 
has  an  inside  diameter  of  3/16  Inch  and  an  outside  diameter  of  9/l6  inch 
with  l/i6-inch  diameter  holes  drilled  through  the  waU  of  the  tube  every 
three  inches.  The  breech  plug  is  bored  out  at  one  end  to  create  a  small 
ignition  chamber  for  the  gas  in  the  injection  ttd>e.  The  gas  in  the  Ignition 
chamber  is  ignited  by  means  of  a  single  spark  plug  located  in  the  e^  of  the 
breech  plug.  When  the  gas  in  the  Injection  tvbe  is  i|piited  by  the  flame  front 
produced  in  the  ignition  chamber,  the  reaction  proceeds  down  the  injection 
tube.  Hot  gas  from  the  Injection  tube  is  expeUed  through  the  l/i6*inch  holes 
in  the  walls  of  the  li^ection  tube  as  the  reaction  proceeds  dosm  the  tube,  caus¬ 
ing  ignition  of  the  gas  in  the  main  volume  of  the  high-pressure  chamber. 

This  method  of  ignition  has  been  used  successfully  in  oxygen- hydrogen  mixtures 
for  almost  100  firings,  mini  it  appears  that  in  none  of  these  cases  did  detonation 
occur. 


IV.  Pressure  and  Temperature  Measurements  on  Models 

The  40mm  shock  tunnel  is  id:  present  used  as  an  aerodynamic  model 
testing  facility.  A  secoiui  similar  facility  is  socoi  to  be  in  operation  for  the 
same  purpose.  Emphasis  is  being  placed  here  on  pressure  distributions 
heat  transfer  measurements  over  models  under  missile  re-entry  conditions. 

At  present  these  tests  are  being  carried  out  using  free  jet  flow  rather  than 
a  contoured  nozzle  flow.  While  tme  of  this  system  necessarily  meaxis  testing 
in  a  radial  flow,  the  system  has  the  advantage  of  simplicity;  it  reduces  the 
time  for  establishment  of  flow  in  a  nozzle. 

Figure  9  is  a  schlieren  photograph  of  a  set  of  small  spheres  mounted 
about  the  axis  7-1/2  inches  from  the  shock  tube  exit  with  3/4- inch  spacing. 
Figure  10  shows  a  similar  set  of  spheres  located  off  axis.  These  schlieren 
photographs  illiistrate  the  radial  nature  of  the  flow  in  the  jet. 

Figure  11  is  a  schlieren  photograph  of  the  free  jet  flow  over  a 
3/4-inch  diameter  sphere  showing  wake  configuration  and  luminosity,  some¬ 
what  optically  suppressed  in  this  case.  The  wake  is  clearly  visible  despite 
the  crudeness  of;  the  schlieren  system  used.  The  flow  velocity  here  is  about 
12, 000  ft/sec  (Mach  5)  vdth  60  atmospheres  of  stagnation  pressure  and  3 
amagats  of  free  stream  density. 
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A  typical  prcaaure  diatribulion  meaauremcnt  tmkan  over  a  bemifphere 
cylinder  it  shown  in  Figure  12.  This  meaiurementa  waa  made  on  a  model  22 
Inchea  from  the  jet  in  a  flow  of  Mach  number  8.  5.  Here  the  flow  la  ao  slightly 
radial  aa  not  to  influence  the  preaaure  diatrlbution;  this  can  be  seen  from  the 
variance  of  the  data  from  the  data  corrected  for  radial  flow.  The  traaaduccra 
used  in  these  measurements  were  both  of  the  pieaoelectric  and  strain  gage 
type.  The  strain  gages  bonded  to  magnesium  beams  were  developed  at  HOL 
by  Mr,  V,  C.  Dawson  and  Mr.  R.  H,  Waaer. 

Because  miltichannel  techniques  are  believed  to  be  very  advantageous 
in  testing  facilities  of  this  type,  the  development  of  miniature  ceramic  piero- 
electric  pressure  transducers  and  of  mounting  techniques  for  the  ceramic 
elements  is  being  emphasized.  A  22*channei  system  of  3«inch  oscilloscopes 
Is  expected  to  be  in  operation  soon  for  these  recording  purposes. 

V,  Stagnation  Temperature 

Stagnation  temperature  measurements  have  been  attempted  using 
a  sound  velocity  probe.  This  probe  is  essentially  an  open  ended  cylindrical 
acoustical  cavity  shown  diagrammaticaUy  in  Figure  13.  At  the  closed  end 
of  the  cavity  there  is  placed  a  pressure  transducer  of  barium  titanate  ceramic 
used  to  electronically  record  the  cavity  oscillations.  The  oscillation  wave 
length  is  constant  and  depends  only  on  the  cavity  dimensions;  there  the  sound 
velocity  of  the  gas  in  the  cavity  is  directly  determined  by  measuring  the  oscil¬ 
lation  frequenc  y.  By  directing  the  probe  into  the  flow  of  a  shock  tunnel  or 
shock  tube,  the  cavity  becomes  a  self-excited  stagnation  temperature  probe 
for  a  gas  of  known  equation  of  state.  Such  a  condition  is  illustrated  by  the 
oscilloscope  record  shown  in  Figure  14.  In  this  figure  a  probe  of  0,  2-inch 
cavity  length  was  excited  by  the  low  velocity  flow  behind  a  weak  shock  wave. 
Blanking  of  the  trace  occurs  at  ten  microsecond  intervals.  Small  bleed  holes 
(not  shown  in  the  figure)  are  used  to  allow  the  gas  heated  by  the  reflected 
shock  to  escape. 

In  the  case  of  a  shock  wave  or  the  flow  in  the  shock  tunnel,  the  probe 
becomes  self-excited  because  the  increase  in  ambient  pressure  in  thv^  cavity 
occurs  in  a  time  interval  which  is  short  compared  to  the  natural  period  of 
oscillation  of  the  cavity.  When  excitation  by  pressure  pulses  do  not  occur, 
oscillations  may  be  produced  by  an  electronic  means.  It  is  interesting  to 
note  that  the  pressure  in  the  cavity  may  also  be  obtained  from  the  gage  read¬ 
ing,  The  device  seems  very  promising,  and  quantitative  evaluation  is  now 
being  conducted. 

VI.  Force  Measurements 


Force  measurements  have  been  problematic  in  shock  tunnels  since 
their  inception.  The  difficulty  lies  in  the  extremely  short  flow  periods,  usually 
of  the  order  of  10"  ^  seconds  available  for  mseasurements.  A  high-speed 
photographic  technique  has  been  developed  at  NOL  which  makes  such  measure¬ 
ments  possible.  This  method  utilizes  a  high-speed  framing  camera,  the 
Beckmann- Wtiitley  Model  189  and  very  light  models. 
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The  model*  are  *«*pcaded  in  the  tmt  *ection  by  fine  wire*.  A 
•erte*  of  expoturmm  1*  then  made  of 'the  •tattonary  model  with  the  framing 
camera.  Heat,  a  aecoad  »eri«*  of  expoMurmB  I*  made  on  the  larae  film  «trip 
during  the  flow  period  of  the  ehock  tunnel.  The  reaultlng  film  atrip  coa*i*t* 
of  a  terie*  of  double  ea^oture*,  one  expoiure  before  the  flow  a»i  the  other 
aurlag  the  flow  ihowing  the  diiplacement  of  the  body  relative  to  it*  initial 
^aition.  Each  frame  therefore  indicate#  the  change  in  poiilion  of  the  model 
hue ^ to  aerodynamic  force#,  while  the  framing  rate  of  the  camera  give#  the 
period  of  time  between  frame#.  Thii  let  of  data  i#  found  to  be  •ufficient  to 
determine  the  drag  force#  on  light  iphere#  and  model#  of  mi##ile#  during 
the  very  ehort  flow  time  of  the  #hock  tunnel. 


7  at  double  eapo#ure  i#  shown  in  Figure  15  of  a  ping  pong  ball 

f*  3.  78  cr  diameter.  Thi#  photograph  wa#  taken  32  microaecond# 

after  toe  on»et  of  flow.  The  •uapeaiion  wire,  clearly  visible  on  the  ■tatlon- 
ary  model,  broke  and  blew  away  after  the  first  few  microsecond#  of  flow. 


16  i#  a  plot  of  the  trajectory  of  one  other  «uch  sphere.  The 
■olid  c^ve  is  a  parabola  fitted  through  the  three  points  indicated  by  vertical 
bars.  The  acceleration  due  to  thi#  drag  force  here  is  18,000  g*#. 

Attenuation  by  Microwave  Technique 

*  iur»T  ni^ber  of  shock  wave  attenuation  studies  have  been  made 

f  *  Two  experimental  technique#  have  in  the  main  been  used  in  these 
studies.  The  first  of  these,  a  standard  technique,  makes  use  of  ionization 
probe#  itn^ted  in  the  shock  tube  wall.  The  second  technique  is  a  microwave 
method.  £/  Here  a  microwave  signal  is  reflected  head-on  from  the  ionised 

phase  of  this  reflected  signal  is  continually  compared  with 
™a>,  of  .he  microwave  oscillator  by  conventional  waveguide  circuitry,  so  that 
toe  passage  of  the  shock  wave  through  a  distance  equal  to  one  half  of  a  wave- 
®bg  gives  fise  to  an  oscillatory  signal  from  a  microwave  detector.  Now 
each  period  of  the  detected  signal  represents  the  transit  of  the  shock  wave 
over  a  distance  of  exactly  one  half  wavelength.  By  suitably  displaying  this 
signal  on  an  oscilloscope  raster  in  conjunction  with  timing  markers,  the 
shock  velocity  history  can  be  obtained  over  a  large  number  of  experimental 
data  points,  each  at  every  half  wavelength  distance. 


.  ^mc  tj^ical  data  are  shown  in  Figure  17.  The  uppermost  p  nnts 
presented  by  triangles  are  the  data  for  a  shock  produced  in  one  atmosphere 
oi  air  by  a  hydrogen-oxygen  combustion  which  ruptured  a  scribed  steel 
diaphragm.  The  circles  are  the  data  for  a  free -piston  driven  shock,  a  2.  5 
gram  magnesium  piston.  The  first  seven  points  are  the  piston  velocity 
points  since  there  is  surely  no  ionization  at  these  velocities.  As  the  piston 
acceier^es  It  produces  a  stronger  shock  wave  which  becomes  ionized.  Thi# 

strong  shock  then  begins  to  reflect  the  microwaves,  thus  accounting  for  the 
break  in  data  points. 


-  ,,  Both  sets  of  shock  wave  attenuation  data  were  made  in  a  one  hatif 
^mos^^reYf  hydrogen-oxygen  driving  pressure  into  one 

E.  H.  Winkler,  "Latest  Results  in  the  NOL.  Shock  Tube  Wind  Tunnel" 
Conference  on  Supersonic  Flow,  University  of  Maryland  (March  1954) 
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nominal  dbensions  of  n.o.l.  shock  tunnel  facilities 


Igure  1  Table  Giving  NOL  Shock  Tunnel  Di 
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Figure  3  Loading  and  Control  Panel  for  20tnm  Shock  Tunnel 


igure  4  40mm  Shock  Tunnel 


igure  6  1-3/4  Inch  Shock  Tunnel 


Figure  7  External  Jet  Ignition  Syatem 


SHOCK  TUBE  STiyPUES  OF  BI^AST  PRESSURES 
BEHIND  TRASmiBLE  WALL  PAHELS 

Thom»«  A,  Ealt«r 
Armour  R«i«&rch  Fowidation 


INTRODUCTION 


la  the  couree  of  an  eacperimental  program  to  determine  blaet 
preaaurea  ta  the  interior  of  huildlagi  having  frangthle  earterior  wall  paneltj, 
■oftie  intereallng  phenomena  were  ohierved.  The  inveatigatioa  ta  an  applica¬ 
tion  of  ihock  tube  laboratory  reaearch  to  phenomena  controlled  by  the  inter¬ 
action  of  blaat  preaaure  loading  and  model  reapona e.  The  experimental 
work  reported  herein  waa  aponaored  by  the  Air  Force  Special  Weapons  Center 
and  performed  at  the  Air  Force  Shock  Tube  JLaboratory,  Gary,  tediana. 

When  a  blaat  wave  (i.  e, ,  a  shock  wave  followed  by  either  uniform 
or  decaying  flow)  ia  incident  normally  on  a  frangible  surface  of  a  hollow  block, 
the  disturbance  entering  Into  the  Interior  after  failure  of  the  panel  is  a  finite 
amplitude  compression  wave  whose  maximium  overpressure  is  generally  lets 
than  the  incident  shock  overpressure.  Both  the  overpressure  decrease  and 
the  time  of  pressure  rise  are  strongly  influenced  by  the  panel  characteristics. 

SHOCK  TUBE  EXPERIMENTS 


This  program  attempted  to  relate  pressure  decrease  and  buildup 
time  to  the  physical  properties  of  the  frangible  panel  for  a  suitably  Idealised 
system.  The  shock  tube  model  used  in  the  study  was  a  rectangular  block 
having  exterior  dlmensiona  of  4  in.  and  6  in,  normal  to  the  flow,  and  a  length 
of  12  in.  Figure  1  shows  a  longitudinal  section  of  the  model.  The  side  and 
rear  walls  and  the  roof  are  of  l/2-in.  aluminum  plate.  The  wall  facing  the 
flow  was  of  frangible  plastic  material,  either  Bakelite  or  Plexiglaa,  rangix^ 
in  thickness  from  1/32  in,  to  l/8  in.  The  altaminum  clamps  indicated  in  the 
figure  permitted  rapid  intcrch^ge  of  panels  on  successive  tests. 

Shocks  were  generated  by  means  of  a  high  eiqplosive,  Primacord, 
in  the  two-foot  diameter  tube  at  Gary.  The  freestream  side-on  overpressure 
ranged  from  5  to  60  psi.  Positive  phase  durations  were  well  in  excess  of  20 
msec.  Transient  pressure  measurements  wore  made  using  piesoelectric 
barium  titanate  crystal  gages.  As  shown  in  Fig.  1,  fo\ir  gages  located  on  the 
centerline  of  the  model  measured  interior  side-on  overpressure.  A  gage 
located  upstream  from  the  model  monitored  the  freestream  side-on  over¬ 
pressure,  and  another  gage  placed  immediate'  in  front  of  the  panel  recorded 
the  arrival  of  the  shock.  A  continuous  patte-  of  electrical  conducting  paint 
was  placed  on  the  surface  of  each  frangible  anel.  Leads  were  attached  to 
the  ends  of  the  pattern,  and  an  alternating  current  power  input  to  the  circuit 
produced  a  sinusoidal  oscilloscope  signal  until  the  time  at  which  the  circuit 
was  broken  by  failure  of  the  panel.  In  this  way,  an  indication  of  the  time  of 
failure  of  the  panel  was  established.  The  test  series  included  a  total  of  82 
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•hotf  feiif  of  «»ck  ©f  lli*  iwm  A  poit*thot 

ph©t©j|r«ph  of  tii«  t«it  it  tjAiMttd  in  Fig.  I. 


^  A  typicti  inttrior  prtitur*  rmm4  it  thowm  in  Fig.  3.  In  thit 

inittnc#,^  «  paatl  of  PUmlglmM  i/32  to.  to  tlsktottt  wm  tiibjicttii  to  a  blttt 
w*¥«  having  t  pttk  ovtrprtttur#  of  ^,  2  ptl.  A  :cn*xiisittsni  ovtr- 

prettart  of  33.  2  pti  w*t  trantmitto^,  tai  tot  rit#  tlint  wat  §.42  sittc, 

Tht  tiim#  of  failure  of  tiie  panel  wai  §.  it  mtac.  f1i,t  ralitctioa  of  tbt  com- 
prttiiofi  wmm  from  thm  raar  wall  of  tb«  mo4al  can  aattly  hm  4il»iitifla4.  Tbit 
partlcwar  racori  it  takaa  from  tka  gaga  locatail  3  to.  from  tkt  paatl.  Ho 
confiitent  major  variations  to  Ih#  pkanomana  of  toiartal  cealil  b#  datacled 
at  th#  wave  progrttitd  down  tkt  Itoa  of  totarior  gagat,  axcapt  that  the  gage 
?•****  thewed  that  a  markedly  arratlc  flow  field  eaitted  to  Ita 
v^ctotty.  Thii  it  to  bt  expected  iince  prettnr*  fronte  which  propagate 
through  newly-formed^  ©pentogt  to  a  falling  panel  probably  do  not  merge  to 
a  clean  front  until  a  dittance  of  the  order  of  the  panel  dlmeatlont  hae  been 
reverted.  In  a  few  testa  which  exhibited  very  long  rite  timet,  the  reflection 
trom  the  rear  fact  arrived  at  the  gaget  farthett  downitream  before  the 
toitial  pretture  mmimmn  was  reached,  and  pratture  buildup  at  a  rate  Initial¬ 
ly  tlow  but  increattog  with  time  wae  evidenced. 


*i.  j  ^  good  deal  of  "tcatter"  it  found  even  in  the  eacperimontal  data 
gathered  for  a  tingle  panel  material  and  thicknate.  In  Fig.  4  tho  initial 
toterior  preiture  maxima  are  plotted  agatott  incident  aide-on  overpreaaure 
for  the  toriet  of  12  teitt  on  l/3E-to.  thick  paneli  ol  Bakelite.  The  tcatter 
can  be  aUributed  in  part  to  the  tentilivity  of  the  phenomena  of  intereit  to 

jii  panel  material  and  to  chance  varlatioat  in  edge 

condltione.  Failure  of  a  panel  it  generally  initiated  in  regloni  of  street 
concentration  due  to  flaws  to  the  material,  and  tuch  imperfectiont  can  tub- 
stantialiy  redtx;e  retittaace  to  loads  even  ttalically  applied. 

In  general  it  it  found  that*  where  panel  failure  jutt  occurs,  the 
imermr  »ide-on  overpretture  builds  up  to  a  maximum  of  more  than  half  of 
the  Shock  overpressure.  As  the  strength  of  the  incident  wave  is  increased, 
me  transmitted  maximum  overpressura  appears  to  increase  to  a  limiting 

P®*"  shock  ovsrprsiture.  The  associated  rise 

t-u  ®  from  two  to  five  times  the  panel  failure  time,  irrespective  of 

the  strength  of  the  incident  blast  wave.  Panel  failure  is  found  to  occur  so 

early  m  the  loading  period  that  tho  decay  of  incident  overpressure  with  time 
Is  not  important. 


PANEL  RESPONSE  CONSIDERATIONS  AND  ANALYSIS  OF  RESULTS 

^  order  to  develop  a  meaningful  method  of  preeenting  the  resulte, 
turn.now  to  a  consideration  of  the  response  of  a  panel  to  dynamically  applied 
ansverse  pressure.  Consider  a  thin  rectangular  panel  of  lateral  dimensions 
a,  b  and  thickness  h  in  the  x-y  plane,  , If  the  panel  material  is  isotropic 
™ii  elastic ,  and  if  transverse  dispiadements  w(x,  y,  t)  are  sufficiently 

small,  the  motion  is  governed  by  the  linear  differential  aquation 
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In  Eq.  {i),  p  is  the  density  of  the  panel  material,  c  is  the  velocity  of  low 
frequency  longitudinal  stress  waves  in  the  plate,  and  r  is  the  radius  of 
gyration  of  the  plate  cross-section.  The  operator  is  defined  as 


The  resistance  of  the  plate  to  the  transverse  pressure  is  generated  solely  by 
bending  stresses  in  the  plate. 

In  principle,  one  could  solve  Eq.  (1)  subject  to  appropriate  bound¬ 
ary  conditions,  and  express  the  solution  in  terms  of  the  infinite  number  of 
normal  modes  of  free  vibration  of  the  plate,  each  of  which  possesses  a  distinct 
frequency.  Certain  of  these  modes  are  excited  to  a  greater  degree  than  others, 
depending  on  the  spacewise  distribution  of  the  pressure.  We  are  interested 
primarily  in  loading  which  is  spacewise  nearly  uniform,  such  as  that  experi¬ 
enced  by  a  panel  struck  by  a  normally  incident  blast  wave.  Satisfactory 
approximate  solutions  to  the  problem  can  be  obtained  by  arbitrarily  assuming 
a  deflection  surface  satisfying  the  necessary  edge  conditions  and  containing 
a  single  deflection  parameter  such  as  the  center  deflection  itself.  One  obtains 
a  single-degree-of-freedom  system  whose  equation  of  motion  has  the  form 


d  w 

dt^  ^  ° 

where  M  is  an  equivalent  mass  per  unit  areaV^and  is  the  slope  of  the 
static  load-  center  deflection  curve.  The  center  deflection,  w  ,  conveniently 
serves  as  the  single  generalized  coordinate. 

When  the  panel  undergoes  transverse  displacements  greater  than 
about  20  per  cent  of  its  thickness,  membrane  stresses  begin  to  contribute 
appreciably  to  the  total  resistance.  The  dynamic  response  problem  then 
becomes  extremely  complicated,  because  the  associated  equations  of  motion 
become  nonlinear  even  if  the  panel  material  remains  elastic  and  linear. 
However,  satisfactory  approximate  solutions  are  again  obtained  by  arbitrarily 
assuming  a  one-parameter  deflection  surface  and  arriving  at  an  equation  of 
motion  in  the  form 


d  w 

M  - jr—  +  q(w^)  =  p(t), 

dt 


(3) 
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in  which  the  reiittance  function  i*  mpproximated  by 

3 

q(w  1  *  k ,  w  +  k_  w  ’ 

^  o'  i  o  3  o  ^ 


(4) 


where  k  atwd  k^  are  conatanti.  The  firit  term  of  the  l  ight-hand  aide 
repreaema  the  contribution  of  the  bending  atreaaea  and  the  aecond  that  of  the 
membrane  atreaaea  to  the  reaiatance. 


The  large-deflection  theory  of  iaotroplc,  elaaiic  platea  auggeata 
that  Eq.  {4)  can  be  put  in  the  nondlmenaional  form 


(5) 


where  a  ia  the  abort  apan  of  the  panel,  E  is  Young's  modulus,  and  Aj  and 
are  dimensionless  constants  depending  on  the  panel  aspect  ratio  and  W 
conditions  of  fixity  at  the  panel  edges. 

The  panels  utilized  in  the  shock  tube  tests  had  clear  spans  of  3 
in.  and  5  in. ,  and  the  clamps  at  the  panel  edges  prevented  rotation  at  the 
boundaries.  The  specimens  clearly  exhibited  nonlinear  resistances  of  the 
type  discussed  here,  and  their  failure  under  static  loading  is  of  the  brittle 
fracture  type,  so  that  the  entire  resistance  function  up  to  failure  is  in  the 
form  given  by  Eq.  (4), 

The  compression  chamber  of  an  8-in,  square  cross-section  shock 
tube  owned  by  Armour  Research  Foundation  was  modified  for  use  in  static 
testing  of  23  samples  of  the  plastic  panels.  The  panels  were  loaded  by  com¬ 
pressed  air,  and  center  deflections  were  measured  directly  by  a  dial  gage. 
Close  simulation  of  the  shock  tube  test  geometry  in  regard  to  bearing  and 
fixity  conditions  at  the  panel  edges  was  achieved.  Atypical  load-deflection 
curve  obtained  in  the  static  tests  is  shown  in  Fig.  5.  This  test  was  performed 
on  a  i/i6-in.  thick  panel  of  Bakelite,  and  sudden,  almost  explosive,  failure 
occurred  at  a  pressure  of  45  psi.  Young's  modulus  for  each  of  the  two 
materials  was  calculated  from  the  initial  slopes  of  the  load -deflection  curves, 
and  it  was  found  that  all  of  the  static  test  data  was  satisfactorily  approximated 
by  the  relationship 


Neglecting  strain  rate  effects,  the  area  under  the  static  load- 
center  deflection  curve  for  a  panel  to  its  failure  deflection,  w.  ,  measures 
the  energy  absorbed  during  deformation,  regardless  of  the  shape  of  the  load- 
deflection  curve.  If  we  equate  this  energy  to  that  imparted  to  the  system 
by  a  uniformly  distributed  pressure  impulse  I  per  unit  areay  we  obtain  t^e 
"failure  impulse" 
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where  q  is  the  average  ordinate  of  the  load-deflection  curve  to  failure. 

^av  ” 

The  loading  on  the  upstream  face  of  a  rectangular  block  due  to  an 
explosive-generated  blast  wave  consists  of  two  distinct  phases,  a  diffraction 
loading  phase  and  a  drag  loading  phase  The  initial  reflection  of  the  incident 
wave  clears  in  a  time  given  approximately  by  f  j  =  3  H/U,  where  IT  is  a 
minimum  clearing  distance  associated  with  the  iront  face  of  the  block,  and 
U  is  the  undisturbed  shock  velocity.  The  loading  on  the  panel  is  shown 
schematically  in  Fig.  6.  After  clearing  of  the  diffracted  shock  pressures, 
the  panel  experiences  the  much  lower  pressures  characterizing  the  pseudo- 
steady  drag  loading  phase. 

We  can  define  a  criterion  of  panel  strength  having  the  units  of 
pressure  as  the  peak  of  a  triangular  pulse  having  a  duration  equal  to  the 
clearing  time,  t ,,  and  an  area  equal  to  the  failure  impulse,  I.  This 
'failure  pressure^  p^,  is  then  given  in  terms  of  loading  and  response 
parameters  by 

Pf  =  frV  "  “  «av 

d 

Evidently  p-  will  be  very  nearly  equal  to  the  reflected  peak  pressure  which 
will  insure  lailure  due  to  the  diffraction  loading  alone,  provided  the  response 
of  the  panel  is  slow  in  comparison  to  the  clearing  time,  t The  ratio  of 
the  actual  reflected  peak  pressure,  p  ,  to  this  failure  pressure  is  a  measure 
of  the  strength  of  the  incident  blast  relative  to  the  strength  of  the  panel. 

We  can  similarly  define  a  measure  of  the  speed  of  panel  response 
as  the  duration  of  a  rectangular  pressure  pulse  having  the  ordinate  and 

an  area  equal  to  the  failure  impulse,  I.  This  characteristic  time,  T,  is 
then  given  by 


T'  = 


(9) 


After  experimentation  with  several  schemes  of  data  presentation, 
it  appeared  that  a  useful  presentation  for  weapons  effects  purposes  consisted 
of  plots  of  pressure  trauasmission  ratio,  or  ratio  of  interior  m,aximum  over¬ 
pressure,  p.,  to  incident  side-on  overprssure,  p^;  ratio  of  rise  time, 
t  ,  to  the  characteristic  time,  T';  and  ratio  of  failure  time  t^^^,  to  the 
characteristic  time,  T*.  These  ratios  are  shown  as  functions  of  the  ratio 
of  reflected  pressure,  p  ,  to  the  failure  pressure,  p«  in  Figs.  7,8  and  9. 
All  of  the  data  was  found  lie  within  the  region  bounded  by  the  dashed  lines 
on  each  chart.  The  form  of  presentation  itself  implies  that  certain  simple 
physical  laws  govern  the  phenomena  of  interest,  but  there  is  no  guarantee 
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that  tht  qutjititltt  wbicb  hM’*m  btew  m«d  to  ooadlHa«B»i©»*l^**  dat*  are  l» 
dead  troe  normaliaioj  lactort.  The  intenl  baa  isee»  geoeraliie  wherever 
'poteible  in  order  to  provide  toforinalloB  for  eetimatea  of  wtapont  effect* 
ph«aomena»  and  thie  representation  coafirma  certain  toloitiveif  anticip^aied 
trenda. 


From  Fig*  7,  It  can  be  aeen  that  below  a  reflectad  preeaure- 
failure  preaaure  ratio  of  about  two,  tha  panels  remain  intact.  In  a  aenae 
this  implies  the  exiatence  of  a  univeraal  failura  criterion  for  panda,  to  ba 
viewed  In  the  light  of  the  preceding  diacuaaion  and  the  intended  weapons 
affects  application.  Imroedlataly  after  the  ratio  of  two  is  exceeded,  more 
than  half  of  the  incident  overpressure  it  transmitted  to  the  interior.  There¬ 
after,  the  transmission  ratio  continues  to  inersase  rapidly  and  approaches 
what  appears  to  be  a  limiting  value  of  0.  85. 

Figure  8  shows  that,  where  failure  is  Just  attained,  the  dimenaion- 
lesi  rise  time  descends  from  infinite  values  to  the  neighborhood  of  2.  5,  and 
subsequently  decreases  still  further  to  an  apparent  limiting  value  of  about 
i.25.  The  dimensionlsss  failure  time  (Fig.  9)  slmUarly  descends  from 
infinite  values  to  the  neighborhood  of  0.8  when  failure  is  just  attained,  and 
decreases  to  a  value  of  about  0.  3  for  stronger  shock*.  The  rise  time  appear* 
to  range  from  two  to  five  times  the  failure  time,  Irrespective  of  the  reflected 
pressure-failure  pressure  ratio. 

GENERAL  COMMENTS  AND  APPLICATIONS 

The  experimental  results  and  analyais  described  in  this  paper 
represent  an  exploratory  effort  in  an  area  not  prevloiwly  investigated,  and 
so  certain  idealizations  regarding  geometry  and  physical  properties  were 
necessary  in  the  shock  tube  model  selected  for  study.  A  single  panel  aspect 
ratio,  0.  6,  was  investigated,  but  this  ratio  is  typical  of  an  actual  building 
bay.  There  were  no  opening*  in  the  frangible  panels,  and  a  variation  in  stiff¬ 
ness  was  studied  to  the  extent  that  two  different  plastics  were  tested.  The 
selection  of  the  particular  materials  was  dictated  by  the  demand  for  homo¬ 
geneity  of  material  and  ready  availability  of  a  variety  of  thicknesses.  No 
variations  in  edge  conditions  or  ductility  were  considered. 

Although  the  materials  chosen  for  study  have  the  characteristics 
of  a  large  class  of  exterior  wall  coverings,  no  real  attempt  was  made  to 
scale  specific  structural  components.  Rather,  the  objective  has  been  to 
study  basic  phenomena  and  theory.  The  form  of  presentation  of  the  data 
permits  application  of  the  results  to  panels  having  other  types  of  resistance 
functions,  in  that  quantities  like  average  resistance  can  be  calculated  equally 
easily  for  elastic -plastic  or  elastic-decreasing  plastic  (unstable)  resistance 
functions.  The  possibility  of  more  general  application  of  the  present  results 
was  in  fact  suggested  by  the  qualitative  agreement  with  the  result  of  an  earlier 
full-6)cale  test  on  a  masonry  panel,  and  full-scale  tests  subsequently  conducted 
lend  support  to  the  conclusion  that  the  shock  tube  model  data  adequately  predict 
the  gross  characteristics  of  blast  pressures  behind  failing  wall  panels. 
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igure  2  PoBt-Te8t  Front  View  of  Shock  Tube  Model 


Figure  4  Interior  Pressures,  1 /32"  Bakelite 


Figures  Load-Denection  Curve ,  l/l6"BakeUte 
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igure  9  Test  Resiilts:  Failure  Tim 
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A  COMPARISON  OF  SHOCK,  TUBE  AND  FIELD  TEST  DATA 
ON  THE  PRESSURE  BUELDUP  BEHIHD  FRAHCIBEE  WAEI-S 


E.  Sevin 

Armour  Ref«arch  Foundation 


INTRODUCTION 


This  paper  preiem*  a  compariion  of  laboratory  and  full  tcale 
field  ’ei*^  data  relating  to  the  buildup  of  air  pressure  behind  a  structural  panel 
which  has  failed  under  blast  loading.  Since  there  arc  no  established  techniques 
in  this  area  for  small  scale  modeling  of  structural  behavior,  this  comparison 
requires  a  means  of  predicting  structural  action  up  to  failure  for  the  types  of 
panel  construction  involved.  The  laboratory  tests  were  conducted  in  the  Air 
Force  6-.oot  diameter  shock  tube  and  utiUeed  plastic  sheets  for  the  panels. 
These  tea’s  are  reported  in  Reference  1,  which  also  presents  a  theory  of  struc- 
lural  behavior  for  the  plastic  panels.  The  field  tests  involved  panels  of  con¬ 
ventional  curtain  wall  construction  exposed  to  an  atomic  blast,  and  were  con¬ 
ducted  as  part  of  a  recent  full  scale  structures  effects  test.  The  pertinent  as¬ 
pects  of  these  teats  are  presented  herein. 

A  detailed  analysis  is  carried  out  for  a  panel  of  cinder  block  con¬ 
struction.  The  required  analysis  of  the  response  of  the  panel  to  blast  loading 
is  based  on  a  general  theory  of  the  strength  of  masonry-type  walla  presented 
in  References  2  and  3.  It  is  found  that  the  shock  tube  teats  correctly  predict 
the  initial  rate  of  pressure  buildup  and  the  general  form  of  the  interior  preir 
sure  wav'e  observed  in  the  field  teats.  However,  it  was  not  possible  to  com¬ 
pare  maximum  pressure  or  rise  times  due  to  essential  differences  in  geometry 
between  the  laboratory  and  field  test  structures. 

BACKGROUND 

Before  entering  into  the  necessary  details  of  the  analysis,  it  will 
be  helpful  to  consider  certain  aspects  of  the  area  of  intended  application  of 
results.  There  is  currently  much  interest  regarding  design  techniques  lor 
various  types  of  protective  construction.  A  good  deal  of  our  knowledge  in 
this  area  stems  from  the  military's  past  and  continuing  interest  in  the  blast 
loading  and  response  of  structures,  both  from  a  defensive  and  offensive  point 
of  view.  For  offensive, applications  one  might  be  interested  in,  say,  gross 
damage  to  the  structural  frame  of  a  building.  If  the  building  were  covered 
with  solid  curtain  walls  of  conventional  materials  and  construction,  it  is  cer¬ 
tain  that  the  covering  would  be  destroyed  at  substantially  lesser  loads  than, 
would  seriously  impair  the  structural  frame.  The  interest  in  the  behavior  of 
the  wall  cover  then  would  not  be  concerned  with  its  contribution  to  the  over-all 
strength  of  the  building,  but  rather  with  its  influence  on  the  blast  loads  inci¬ 
dent  upon  the  frame  once  the  cover  had  been  destroyed.  In  such  cases  it  is 
commonly  assumed  that  the  frangible  wall  cover  would  have  no  effect  on  the 
incoming  blast,  and  the  load  on  the  framework  could  be  computed  as  if  the 
building  had  no  wall  cover.  Serious  questions  concerning  the  adequacy  of 
this  approach  were  raised  as  a  result  of  the  UPSHOT -KNOTHQL.E  series  of 
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weapon  «£f«cU  teet*  conducted  In  the  Bpxisxg  of  1953.  A»  part  of  an  Air 
Force  tponeored  tett  On  wall  and  roof  paaelc.  a  tingle  preature  gage  am* 
placed  behind  an  unxetnforced  brick  ameonry  wall  which  formed  the  front 
of  a  cloaed  call.  The  wall  waa  atruck  by  a  clean  ahock  wave  and,  aa  ea* 
pected#  the  panel  waa  completely  deatroyed  in  a  fraction  of  a  aecond.  The 
prcaaure  gage  recorded  a  compreaalos  wave  having  a  relatively  long  riae 
time  and  a  peak  which  *raa  aUghlly  lea  a  than  the  Incident  aide -on  preaaure. 
While  thia  one  teat  wm*  by  no  meana  concluaive,  and  not  even  repreaentative 
of  conventional  building  geometry  {the  rear  wall  waa  leaa  than  the  wall  apan 
length  behind  the  front  wall),  it  did  reflect  upon  the  ada^cy  of  eadating  load 
prediction  methoda  for  huildinga  with  frangible  wall  cover. 

JLargely  aa  a  reault  of  thia  teat  the  ieriea  of  ahock  tube  teata 
utiliaing  plastic  paaela  reported  in  Reference  1  waa  undertaken.  In  view  of 
the  uncertainty  concerning  the  inHuence  of  the  mechanlam  of  panel  failure 
on  the  character  of  the  interior  preaaure  wave,  the  ahock  tube  teata  were 
intended  to  explore  the  influence  of  incident  ahock  atrength  and  panel  break 
time  on  the  interior  wave  for  one  type  of  panel  behavior.  The  teat  data  ob¬ 
tained  waa  in  general  qualiUtive  agreement  with  the  one  preaaure  record 
from  the  field  teat*.  #‘ven  though  there  were  aubatantial  differencea  between 
the  mechardam  of  failure  for  the  plaatic  panel  and  the  brick  wall.  Thia  aug- 
geated  that  the  ahock  tube  data  might  be  more  generally  applicable  than 
originally  anticipated  and,  accordingly,  an  effort  waa  made  to  present  the 
teat  data  in  a  generalized  form  incorporating  the  resistance  properties  of 
the  panel. 


An  opportunity  arose  for  another  full  scale  field  test  in  connec¬ 
tion  with  the  recent  PLUMBBOB  aeries.  There  existed  a  number  of  struc¬ 
tures  from  previous  tests  which  could  be  converted  to  panel  test  structures 
by  simply  adding  the  desired  front  wall  pnnel.  These  structures  could  ac¬ 
commodate  panels  up  to  10  by  16  feet  with  16  feet  between  tue  front  and  rear 
walls.  Accordingly  a  test  involving  one  corrugated  asbestos  (transite)  panel 
and  one  txnreinforced  cinder  block  foinel  was  imdertaken  by  the  Air  Force. 

While  this  test  waa  largely  motivated  by  the  desire  to  obtain  a  com¬ 
parison  with  the  available  shock  tube  results,  it  is  to  be  emphasized  that  the 
field  test  structures  were  not  specifically  designed  for  this  purpose.  Rather 
existing  structures,  originally  designed  for  entirely  different  purposes,  were 
utilized  as  advantageously  as  possible. 

SHOCK  TUBE  TESTS 


Reference  1  contains  a  detailed  description  of  the  shock  tube  tests 
in  which  pressures  were  determined  behind  frangible  plastic  sheets,  and  also 
proposes  a  generalized  form  of  data  presentation  based  upon  an  elastic,  large 
deflection  (membrane)  theory  of  panel  failure.  The  teats  are  summarized  in 
this  section  to  the  extent  required  for  the  subsequent  application. 

The  teat  structure  ams  a  rectangular  box  with  an  opening  in  the 
front  to  accommodate  the  plastic  panels.  Both  Bakelite  and  Plexiglas  sheets 
were  tested,  the  thickness  of  the  sheets  varying  between  1/32  and  1/8  inches. 
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^  »rm.n  r*tto  ©f  *U  n»nel»  wai  0*6,  Tk#  mage  of  ©verjprce- 

The  S  to  ^0  P»i.  'Th®  obtained  tscloded  iacident 

#«re  „  iaterlor  preatam  wave  forme  at  variotu  Interior  polate 

preeear*  wave  form  I  t.-SI  #  ^  ^st„ t  I  «!.**.  I  it*  »«#  m  *%el'  I  eetae  iis^l  'f^teea  «  • 


of  the  etracture) 


'  I'm  1»4I«  a  «•  a  Jr  ■*  w*  w  w  '•w  w 

ifid  oaael  lallarc  tinrie.  Typical  incident  and  interior  pree 
O*  icc-  j  ^  ^  interior  initial  maadmam  over- 

■•%uve  wave  Ijy^g  laidal  maaQinttro,  and  ^panel  lailare  time  were 

pmieated  ae  fu^tioo*  of  tbe  incident  blaet  and  etracteral  pirametere. 

ll  AH  liroStAtillH  OH  tAit  dAlA  Ai  IlHAlly 

.,«cd-  «melT  the  maxinW  laterlor  pre.eure.  occurred  l«fore  P«Muce 
rented,  nsnieiyj,  ^  ^  .tructure  reecheo  the  g»ge.  Hence, 

,"e''«^i';:  «e  de^.S;>nt  “  the  genel  ch.r.ct.ri.tic.  only,  end  not  on  U,. 

interior  geometry  of  tbe  teat  cell. 

tT  a^t  atatic  tcata  tke  plastic  panels  exMWted  a  load-displacement 
,  e.i  ki«  m  failure  which  could  be  approximated  very  closely  by  coasi- 
relationsMp  up  to  il^  Taking  this  as  the  mechanism  of 

dering  only  elastic  he»^ro  ^  aormaUred  in 

i:;'^'oVrcrr“t".«“fe»'ur.:  p,.  .ndchnrnc..ru«c«nre.  T-,  which 

are  given  by 


Pf 


(1) 


(2) 


where 


"d 

M 


Pav"* 


diffraction  phase  clearing  time  for  panel  (Figure  la) 

equivalent  mass  per  unit  area  of  panel 

center  displacement  of  panel  at  &ilure  (displacement 
corresponding  to  aero  panel  resistance) 

average  resistance  of  panel  (average  ordinate  of  load- 
deflection  curve  to  failure) 


eld  tests 

The  detailed  description  of  the  field  test  in  which  pressures  were 
•  A  u  traHsits  and  unreinforced  cindAf  block  panels  men- 

I'T^arUerfa  currently  to  be  found  in  the  cUe.ified  literature.  Fortunate- 
a^fici^nt  iiiorn-.ation  can  be  reported  for  present  purposes. 

Both  the  transite  and  cinder  block  panels  tested  were  of  conyen- 
^r,A  haA  a.  ahort-to-long-span  ratio  of  0,  625.  This  is 
nal  construction,  ^  ^  model  panels.  The  test  panels 

’re''?oc.ate‘d?t^to  same  distance  from  the  source  of  the  blast  and  the  incident 
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pr€»mtm  nmvc  form  wm9  of  tkt  fljoelt  tube  condiSoai  frig.  Im}, 

Om  BEL-typ«  •«lf  rocordlisg  pmmurt  |»g«  «%•  mt  tbo  coeter  of  tbe 

floor  of  e»cli  teit  ctll.  Tb«  iatorior  wmv«  form*  rceorii*^  b«Macl  iliit  two 
type*  of  pjittol*  *r#  *lio*ro  io  Fig*  2. 

A*  ibowB  is.  Fig,  2m,  the  treaiite  p*ael  ild  aot  effectively  iafloeoce 
the  incomiag  pre**ttr«  wave.  The  gage  record  clearly  •feow*  the  iocomiag 
■hock  froftt  and  the  reflected  ihock  from  the  rear  wall.  For  §ome  reaion  the 
gage  failed  at  thti  time*  poiaihly  due  to  being  etmck  by  dehrle.  A*  ie  evident 
from  Fig.  2b.  the  failing  cinder  block  panel  markedly  iafluenced  the  character 
of  the  Incoming  eave,  Comparleoa  of  Fig*,  lb  and  2b  ahow  a  marked  aimlllar-’ 
ity  lR tween  the  interior  wave  forma  obtained  from  teat*  in  the  shock  tube  and 
in  the  field.  ^  A  poa tteat  photograph  of  the  atructure  which  contained  the  cinder 
block  panel  ia  ahown  In  Fig.  3,  TM*  figure  give*  an  indication  of  the  complete 
•tructural  failure  of  the  panel.  Note  from  Fig.  3  that  the  rear  wall  of  the  cell 
auftained  »ome  deformation.  However,  tM*  did  not  affect  the  teat  re«ult*,  at 
least  to  the  extent  considered  here. 

COMPARISON  OF  SHOCK  TUBE  AND  FIELD  TEST  DATA 


A  ccmpariaon  between  shock  tube  and  field  date,  reouire*  that  the 
normaHaattoa  parameter*  given  by  Eq*.  (1)  and  (2)  be  evaluated  for  the  field 
test  panel*.  TMi  in  turn  require*  some  detailed  theory  of  fmnel  response  up 
to  failure  in  order  to  evaluate  the  quantities  a-  and  p,.  Such  a  theory  is  pre¬ 
sented  in  References  2  and  3  for  both  types  of  ^  panels.^  inasmuch  as  the 
transite  panel  represents  a  situation  well  beyond  the  range  of  the  model  tests, 
a  comparison  is  carried  out  only  for  the  cinder  block  wall.  However,  it  may 
be  noted  that  extrapolation  of  the  shock  tube  date  corresponding  to  thw  param¬ 
eters  for  the  transite  panel  supports  the  field  test  results  to  the  extent  that  no 
distortion  of  the  incident  pressure  wave  is  indicated. 

According  to  the  theory  presented  in  Reference  2,  the  resistance 
of  a  masonry  |»nel  to  transverse  loads  is  generated  by  arch-likc  thrust  forces 
developed  at  midspan  and  at  the  supports,  provided  that  the  panel  is  constrained 
between  essentially  rigid  supports.  This  so-called  arching  action  theory  of 
masonry  wall  behavior  represents  a  rather  radical  departure  from  conventional 
bending  failure  theories,  and  in  effect  predicts  a  substantially  greater  strength 
for  such  panels  than  would  normally  be  determined  from  a  bending  analysis. 

The  theory  is  generally  supported  by  static  teat  data  and  by  tests  involving 
dynamic  loads  derived  from  both  high  explosive  and  nuclear  blasts.  (Refer¬ 
ences  2,  3  and  4). 

The  static  load -deflection  relationship  for  the  cinder  block  panel, 
computed  according  to  the  arching  theory,  is  shown  in  Fig.  4.  This  type  of 
resistance  function  differs  essentially  from  that  of  the  plastic  panels,  the 
latter  being  represented  by  a  curve  that  increases  at  a  gradually  increasins 
rate  until  failure.  For  the  plastic  panels,  the  failure  displacement,  x^.  ® 

must  be  determined  empirically.  However,  according  to  the  arching  ^theory, 
the  failure  displacement  can  be  found  in  terms  of  the  panel  parameters. 
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The  computation  of  th«  resiiUnce  function  ahown  in  Fig.  4,  in« 
volvea  atiumpUona  a»  to  the  crufhing  •treat  and  itrain  of  the  cinder  block 
material,  the  i»ncl  cro*i-«ection,  and  an  equivalent  beam  length.  The 
»tre»« -•train  relationahip  for  a  maaonry  material  i«  assumed  to  be  linear 
up  to  a  so-called  crushing  •trcsu,  s^.  (and  strain  e^),  after  which  the  stre«* 
i*  aatumed  to  remain  constant  with  increacing  •train.''  The  refuUa  ihown  in 
Fig.  4  correapond  to  values  of  ^  500  p»i  and  e  =  0.  001.  The  panel  cross- 
section  has  been  idealised  to  the  extent  that  the  web  area  of  the  blocks  has 
been  neglected.  An  equivalent  beam  length  was  determined  from  Reference  3. 
The  equivalent  mass  of  the  panel  was  determined  from  Reference  5  on  the 
basis  of  a  rectangular  panel  of  aspect  ratio  0.  625  supported  on  four  edges. 

The  pertinent  panel  material  properties,  blatt  parameters  and 
normalizing  quantities  are  listed  below: 

Mass  per  unit  area,  -  5.6b  X  iO”"^  lb  sec^/in.^ 

Equivalent  mass,  M  =  0.  56  ^  =  3.  1  7  X  10  ^  lb  sec  Vin.^ 

Failure  center  deflection,  =  7.  6  in. 

Average  resistance,  p^^  =  1.  3  psi 

Peak  overpressure,  p^  =  7.  5  psi 

Reflected  pressure,  p^  =  18.  4  psi 

Diffraction  clearing  time,  =  24  msec 

Characteristic  pressure,  =  6.  6  psi  (From  Eq.  1) 

Characteristic  time,  T'  =  61  msec  (From  Eq.  2). 

Based  on  these  values  the  shock  tube  results  predict  a  maximum 
inferior  overpressure  of  p^  =  5.  5  psi,  and  rise  time  to  this  maximum  of  t  = 
i22  msec.  Recall  that  these  results  apply  to  the  condition  of  no  reflection  ^ 
from  the  rear  wall  of  the  test  structure.  However,  under  the  field  test  con¬ 
ditions  the  time  of  travel  of  a  pressure  signal  from  the  gage  to  the  rear  wall 
and  hack  to  the  gage  is  about  29  msec,  or  about  one-quarter  of  the  predicted 
rise  time  based  on  no  rear  wall  reflection. 

The  shock  tube  results  thus  predict  that  reflected  signals  from  the 
rear  wall  reach  the  gage  before  the  interior  pressure  builds  up  to  a  maximum. 
This  is  in  accordance  with  the  field  data,  and  the  maximum  pressure  shown 
in  Fig.  2b  is  evidently  the  result  of  an  involved  interaction  process.  It  might 
be  noted  that  the  rise  time  corresponds  almost  exactly  to  three  transits  of  a 
pressure  signal  across  the  length  of  the  cell. 

While  it  is  not  possible  to  compare  directly  the  measured  maxi¬ 
mum  pressure  and  rise  time  with  the  shock  tube  results,  a  less  direct  com¬ 
parison  can  be  made.  The  pressure  records  obtained  in  the  shock  tube  showed 
the  initial  pressure  buildup  to  be  essentially  linear.  Thus,  the  ratio  of  the 


pr«dicle4  ^niitici  pj/ty  b«  eumpmwmhU  Ui  th«  luittal  ilope  of  th^ 

preii^e  record  tliowii  i»  Tig.  lb.  The  tliock  tube  rtiulte  yield  ft/t^  * 

4,  5  pei/100  meec,  TMs  veluo  compirei  aoet  fevortbly  wiib  tbe  elope 

of  4.0  pei/lOf  aeec  obtained  from  Fig.  lb, 

DISCU^ON 


We  have  coneldered  appUcatioa  of  ebock  tube  ecele  model  date  to 
fi^d  prediction*  in  a  *lttt»tioa  where  the  load  phenomena  are  eignificantly 
innueiiced  by  the  re*pon*e  of  the  •tructwre.  The  field  te*t  reiult*  have  •town 
that  a  cinder  block  wall,  though  completely  destroyed  by  a  ehock  iwive,  con- 
vert*  the  incident  *hock  into  a  compre**ion  wave  la  tts©  interior  of  the  chamber 
under  the  field  te*t  condition*  the  ri*e  time  of  the  compre**lon  wave  corre*- 
ponded  to  three  transit*  ©I  the  wave  aero**  the  cell.  Thua  the  m&jdmum  pre»- 
•ure  is  influenced  by  internal  reflection*  of  the  wave.  The  ihock  tube  data, 
when  converted  to  field  te*t  coaditioni,  correctly  predict*  the  occurrence  of 
an  interior  €ompre**ioa  wave,  the  ialttal  rate  of  pre**ttre  buildup,  and  the 
fact  that  the  maximum  pre**ure  will  not  be  reached  prior  to  the  time  that 
reflectione  of  the  wave  from  within  the  cell  are  felt  at  the  gage  poiition.  Due 
to  the  last  stated  re*ult  it  wa*  not  possible  to  compare  maximum  pre»*ure* 
and  rise  time*  since  the  shock  tube  data  did  not  Involve  any  reflection  effect*. 

The  above  comparison  hinge*  on  the  ability  to  evaluate  certain 
parameter*  which  depend  on  the  structural  characteristic*  of  the  test  panel. 
Tius,  in  turn,  requires  a  ratler  detailed  theory  of  the  response  of  the  panel 
to  blast  loading.  At  the  very  least  such  a  theory  must  correctly  predict 
whether  or  not  the  panel  is  destroyed  under  a  given  blast  load.  The  arching 
theory  of  masonry  wall  behavior  was  utilised  for  this  purpose.  The  lact  that 
the  predicted  rate  of  pressure  buildup  is  within  23  percent  of  the  measured 
value  j.a  certainly  of  interest,  but  not  particularly  conclusive  due  to  uncer¬ 
tainty  regarding  the  adequacy  of  arching  theory  and/or  the  numerical  values 
of  material  properties  assumed  for  the  cinder  block  panel.  To  tUt  mutt  also 
be  ^Qucd  the  uncertainty  in  the  shock  tube  prediction  itself  due  to  the  relative¬ 
ly  wide  scatter  of  the  data.  Nonetheless,  it  is  the  writers  o^nion  (hat,  all 
things  considered,  this  comparison  is  sufficiently  encouraging  to  recommend 
extended  use  of  the  shock  tube  as  a  means  of  providing  estimates  of  field  con- 
mtions  in  this  general  area  of  interest.  Additional  shock  tube  tsist*  in  which 
the  test  cell  geometry  is  more  representative  of  field  conditions  are  desirable 
m  order  to  more  conclusively  establish  this  result.  In  the  event  that  addition¬ 
al  shock  tube  tests  are  contemplated,  it  would  be  of  interest  to  consider  panel 
materials  which  more  closely  model  the  response  behavior  of  conventional 
wall  covering  materials  than  do  the  plastic  materials  so  far  tested. 
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(a)  Typical  Pressure  Wave  Form  Incident  on  Panel 
(Shock  Tube  and  Field  Tests) 


(b)  Typical  Pressure  Wave  Form  in  the  Interior  of  Test  Cell 
(Shock  Tube) 


Figure  1  Typical  Incident  and  Iiflerior  Pressure  Wave 
Form  From  Shock  Tube  Tests 
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Figure  3  Cinder  Block  Panel  and  Supporting  Structure,  Posttest 
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SOME  RESULTS  OF  A  SHOCK  TUBS 
FOR  BIOMEDICAL  INVESTIGATIOH* 

Donald  R.  Richmond  and  Riaaldo  V,  Taborelli 


I.  INTRODUCTION 

Thia  ihock  lube  was  designed  to  investigate  the  biological  etf**^** 
of  long  duration  overpressure  phenomena  as  recorded  inside  protective 
shelters  subjected  to  nuclciir  blast.  It  had  to  be  capable  of  modifying  tl'® 
different  parameters  of  the  blast  wave  such  as  maacimum  overpressurdf 
time  to  mspcimum  pressure  and  duration  and,  in  addition,  produce  singl®» 
and  multiple  reflections  as  recorded  in  shelters  of  different  geometric 
configurations.  Also,  it  had  to  be  of  sufficient  siae  to  test  the  larger 
of  experimental  animals. 

Although  the  aerodynamic  characteristics  have  not  been  studi®^* 
detail,  its  general  performance  as  determined  empirically  shows  this  to  be 
a  versatile  apparatus  capable  of  producing  a  wide  range  of  pressurc-tl^^i*® 
phenomena, 

U.  DESCRIPTION 


Compression  Chamber 

The  over-all  size  of  the  system  can  be  appreciated  froxo 
Figure  1.  The  cylindrical  compression  chamber  measures  19  f t,  x  40- 1/^ 

I.  D.  with  a  volume  of  approximately  134  cu  ft, 

A  transition  section  allows  the  attachment  of  either  a  l2-i*'*  " 
diameter  Dange  with  diaphragm  or  a  24-m.  -diameter  flange  with  diaphi'a^g*’”* 

Like  the  conventional  shock  tube  it  employs  a  rupturabl® 
diaphragm  separating  the  high  pressure  side  (or  reservoir)  from  the 
expansion  chamber. 

Expansion  Chamber 

Downstream  of  the  diaphragm  a  variety  of  flanged  compo*^®*^^® 
can  be  assembled  in  many  different  arrangements  to  provide  expansion 
chambers  of  many  configurations.  The  test  chamber  (shown  in  Figure  1) 
can  be  placed  in  the  main  axis  of  the  system,  or,  in  combination  with  a  'J'®® 
section,  at  right  angles.  In  addition,  metering  orifices  and/or  additional 
tubes  may  be  added  between  any  of  the  flanges  numbered  in  the  figure.  I’l'® 
test  tank  contains  a  removable  wind  protective  baffle,  and  its  center  flang® 
allows  the  use  of  either  half  of  the  chamber- -accomplished  by  sitpply  bol^~ 
ing  a  steel  plate  to  the  center  flange. 

By  using  long  lengths  of  tubes  as  the  expansion  chamber  the 
system  becomes  a  12  in,  or  24  in.  shock  tube,  see  Figure  Z, _ _ _ 

Hi 

This  work  was  sponsored  by  the  Division  of  Biology  and  Medicine  of  the 
Atomic  Energy  Commission. 
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Air  Source 


Air  1#  iupplied  to  the  compreiiion  chamber  by  a  Schramm 
Compresior,  Model  60  to  preituret  of  70  pti  and  to  higher  pressures  by 
tv/o  l-R  compressors  of  600  psi  and  E50  psi  capacity. 

Diaphragm  and  Rupturing  Mechanism 

The  diaphragm  material  consists  of  Du  Pont  Mylar  polyester 
film  of  either  0.010,  0.0075,  0.0050  or  0,0025  in.  thickness.  The  Mylar 
sheets  have  holes  predrilled  to  match  those  through  the  flanges.  For  its 
installation  it  is  simply  bolted  between  the  distal  flange  of  the  reservoir  and 
the  first  flange  on  the  low  pressure  side.  The  various  componets  of  the 
expansion  chamber  are  on  wheels  to  facilitate  changing  of  diaphragms.  Ex¬ 
perience  has  established  the  specific  number  of  layers  which  will  hold  a 
given  preesure  in  the  reservoir.  Pressures  of  250  psi  have  been  successfully 
held  by  this  diaphragm  material.  Diaphragm  rupture  is  initiated  by  a  ,  22 
caliber  pistol  bullet.  The  gun  is  mounted  externally  in  a  block  that  can  be 
mounted  on  the  various  components.  It  fires  through  a  small  hole  in  the 
tube  wall.  The  pistol  firing  switch  is  located  in  a  shielded  control  room. 
Other  control  devices  include  a  U.  S.  Gage  to  show  the  pressure  in  the 
reservoir,  stop  switches  for  the  compressors  and  a  remote  control  for  an 
exhaust  valve  on  the  reservoir.  The  pressure-time  recording  equipment 
is  also  located  in  !he  control  room. 


Pressure  and  Time  Measurements 


l 

! 

> 
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Wiancko  pressure  gages  are  used  to  obtain  the  record  of  the 
slower  pressure-time  phenomena  in  the  test  chambtsr  and  are  supplemented 
by  a  Piezoelectric  Gage*  to  define  shorter  time  intervals, 

Wiancko  pressure  gage  signals  with  3-kc  corner  amplification 
(Consolidated  Engineering  Corporation  System  D)  used  with  CEC  Type  7-223 
galvanometers  are  recorded  on  a  Consolidated  Type  5-ll4  Recording 
Oscillograph. 

The  output  of  the  Piezo  Gage**(Model  BC-65)  is  displayed 
on  a  Tektronix  Model  512  Oscilloscope,  modified  for  self-trigger  from 
signal  input  and  single  sweep  operation.  The  sweep  on  the  oscilloscope  is 
photographed  for  a  record  with  a  Polarioid  Land  type  of  camera. 


The  Wiancko  gages  are  calibrated  statically- -the  Piezo¬ 
electric  by  explosive  decompression  and  more  recently  by  pairing  it  with 
the  Wiancko  gage  on  the  shock  tube. 


»  « 


4: 


Atlantic  Research  Corporation  Barium  Titanate  Gage,  range  0-500  psi. 
Gages  supplied  by  Sandia  Corporation,  Albuquerque,  New  Mexico. 
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III. 


APPLICATION 


Preasure  Pulses 


The  test  chamber  when  used  as  the  expansion  source  provided 
a  pressure  pulse  type  phenomena.  The  rise  time,  m.tximum  pressure  and 
the  duration  of  the  pulse  were  varied  by  different  combinations  of  reservoir 
pressures,  metering  orifices  and  volumes  of  test  chamber.  To  date  the 
volume  of  the  compression  chamber  has  not  been  altered. 

Several  arrangements,  along  with  the  pressure-time  records, 
are  illustrated  in  Figure  3,  4,  5  and  6.  These  records  are  typical  of  those 
from  a  series  of  experiments  in  which  the  effect  of  high  pressures  applied 
at  various  rates  on  dogs  was  being  studied.  In  nil  cases  the  durations  were 
prolonged  in  order  to  eliminate  biological  complications  due  to  decompression 
From  Figures  3  and  4  it  can  be  seen  that  with  a  id  in.  throat,  the  entire  test 
chamber  fills  in  approximately  85  msec  and  half  the  chamber  in  63  msec. 

With  half  the  tank  and  a  24  in,  throat,  a  rise  time  of  30  msec  was  recorded, 
see  Figure  5.  To  obtain  rise  times  longer  than  30  msec  with  24  in,  flanges 
and  diaphragms  a  metering  orifice  plate  was  inserte-^  at  the  entrance  of  the 
test  section.  With  such  an  arrangement  a  rise  time  of  155  msec  was  recorded 
see  Figure  6. 


Pressure  pulses  are  quite  reproducible  and  for  a  given 
arrangement  the  pressure  curve  shape  does  not  vary  importantly  over  a  wide 
range  of  diaphragm  pressures,  see  Figure  7. 

In  connection  with  the  above  pressure-time  patterns,  16  dogs 
sustained  relatively  minor  pathology.  At  maximum  overpressures  ranging 
between  74  and  170  psi  with  time  to  maximum  pressure  approximately  30, 

60,  85  and  155  msec,  animals  exhibited  ruptured  eardrums,  hemorrhagic 
sinuses  and  trivial  pulmonary  hemorrhages  probably  caused  by  the  lungs' 
lower  borders  being  pinched  between  the  rib  cage  and  the  diaphragm.  This 
study  will  be  extended  and  additional  cases  will  be  added  to  each  of  the  four 
groups  in  which  the  maximum  pressure  will  be  above  200  psi.  It  is  also 
planned  to  assess  pressure  pulses  in  which  the  pressure  peaks  in  times  less 
than  30  msec.  By  employing  smaller  test  chambers,  rise  times  of  17  and 
13  msec  have  been  produced.  Figure  8  shows  the  arrangement  in  which  the 
pressure  peaked  in  13  msec. 

Shock  Waves 

Actually  little  has  been  done  as  far  as  employing  the  com¬ 
ponents  as  an  open  shock  tube.  Some  physical  materials  were  tested  and 
calibrated  prior  to  the  Nevada  tests  in  1957  by  personnel  from  Sandia  Cor¬ 
poration.  Shock  waves  of  9  psi  and  180  msec  duration  to  26  psi  of  530  msec 
duration  were  recorded  in  12  in.  shock  tubes.  As  far  as  animal  tests  are 
concerned^  the  winds  associated  with  the  shock  wave  present  a  special 
problem,  and  in  addition  make  it  difficult  to  successfully  mount  specimens 
in  the  open  tube. 
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Photograph  of  Device  used  as  a  24  in. 

Cloaed  Shock  Tube  with  Open  Lateral  Exhaust  Ports 


Figure  5  Arrangement  Employed  to  Obtain  a  Rise  Time  of  30  msec 


PRESSURE-TIME  RECORD 
USING  ARRANGEMENT  NC 


tPFECT  OF  RESERVOIR  PRESSURE 
ON  CURVE  SHAPE 


PRESSURE-TIME  RECORD 
USING  ARRANGEMENT  NO.  16 
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igure  8  Rise  Time  of  13  msec  Obtained  with  Small  Test  Chamber 


PRESSURE 'TIME  RECORD 
USING  ARRANGEMENT  NO  15 


Gauge  3 


experimentation  with  the  nENEHAI.  ELECTRir 

SIX-INCH  SHOCK  TUNNEL 

E.  M,  Kaegi,  W,  H,  Warren  and  A  J  Vjt-iij* 
jsaile  k  Ordnance  Syatema  Department  ' 
ueneral  Electric  Co. 

Philadelphia,  Pa. 


INTRODUCTION 


realistic  considerations  of  the  hefted  ^  "umber  of  approximately  7. 
"real  gas*^  effects  associated  with  ^ 

For  example,  a  satellite  hoLZllllT^^  ionization, 

peratures  of  the  order  of  during r^lnr  equilibrium  tem- 

these  temperatures  in  air,  nearlt  all  ^  atmosphere;  at 

ide  nitrogen  molecules  are  dissofia  Id 

appreciably  different  from  that  of  lo«  f*  flow  environment  is  so 

mental  and  theoretical  techniques  Led 'w'The^sTudv  of  '"“’‘'f  “ 

such  situations  should  include  the  effects  of  i Lat  J  aerodynamics  of 

ts  of  these  high  temperature  phenomena, 

study  of  high  en\^gy°q^ali-8t^dv^fjn"  ^  satisfactory  tool  for  the 

However,  the  simple  shock  tube  is^Jimi ted °in^ periods, 
simulation  of  steady  high  Mach  numhr  HI  ^"^portant  respect  for  the 
ing  region  :L  is  possiblf  to  reach  test  Ma conditions:  in  the  desirable  test- 
For  oeveral  typL  of  studier  useJul  l  numbers  only  of  the  order  of  three. 

restriction.  Accurate  simui’ation  ^  hySe^sTni c^fow  o"^^^ 

body,  however,  should  include  fhe  crJi  *low  over  all  regions  of  a 

least,  the  variatic-  of  Cch  numbef  r.  “  “8'“ 

macn  number  over  an  appreciable  range. 

thermodynamic  properUes^of  the  features  of  a  shock  tube  -  high 

number  property  of  a  wind  tunnel.^  Es’srnUaJt'v  section  Mach 

down  wind  tunnel  which  uses  a  shock  tube  a  shock  tunnel  is  a  blow- 

stagnation  enthalpy  and  pressure.  With  such  a  flcllir 

section  Mach  number,  Reynolds  number  ^  ranges  of  test 

covered  and  the  effects  of^eoe  variables  enthaJpy  may  be 

studied.  ®  the  flow  properties  may  then  be 


mental  performance  data  and  some  of  tL^  P''®®e"t  theoretical  and  e.xperi- 
first  year  of  operation  of  the  General  during  the 

ai  2  the  theoretical  regions  of  testing  avlil  hH  shock  tunnel.  Presented 

tions.  The  problem  of  establishing  f he  flo^rouk^X^*"^^^^  tunnel  configura- 
Comparisons  are  shown  between  eJupri^oLi-IV  IV^®  nozzle  is  discussed. 

transfer  rates  and  pressures  for  a^ange  of  conriir  stagnation  heat 

nozzle.  Heat  transfer  rates  n  ^  conditions  using  the  reflected 
cylinder  body  are  also  shown.  distributions  on  a  hemisphere- 


r 


^<^Wiere»  plsolegrspk*  ot  thm  flew  o-  *r  vmriktt#  ca*i#  tplier# 

anJ  •  '<***!**  *  cofttp*ri»0n  Iw  m*rfe  kctwces  Ikeortlicml 

sliock  ^#i4ickTO®ot  iiiiita®c<Ra  fsi*  two  kaaic  #hapisj. 


fa4»«!?^x,  a  i  illuftratei  the  Gcaerml  Electric  «t3e-iBck  eltock  fcwnnel 

**'^*!Z  Pf®®*'**^®**  conjkaftlom  driver  t*  koneed  i»  »  bulW- 
ttg  let  *^rt  from  tht  laboratory.  Tb«  driver  it  ZZ  feet  lo«i  aail  baa  *b  8 

mch  .„.ide  dijmeter.  Althmxgh  other  mltctare  retio.  tove  b«r.«^r  ft” 

0^BM”?mow“*‘«’'  “f  ^0%  heUttm,  20%  hydrogen,  nnd  10% 

m  ^  ^^cUonM).  Twenty  ipmrk  plmgt  l0cmt#d  »ytii metrically  alcmg 
!?  igttitc  the  charge.  Nitrogen  it  wted  ia  purglsg  the 
ranm  ‘  ®£  facility  it  remotely  controlled  from  the  control 

feet^L,  J  ®T*  ^e  hat  a  tix-inch  in.ide  diameter  and  at  pre.ent  it  113 

norllflf**.  F***  t“  «e«ea  of  interchangeable  tectioat.  The  conical 
A  miL^  .  if  ..  mclnded  angle,  and  the  test  tectlon  it  30  lachet  in  diameter. 
A  more  detailed  ditcutslon  of  the  facility  it  given  hy  Warren  (1). 

tfn««  2  showt  the  no*ele  and  test  tectioa.  The  tnbislar  tec- 

tiaele  *Kf»  f  a  ^°r**^*,  ■yitem.  The  horiaontal  axlt  It  nted  for 

flow  ft  and  a  Fattaa  camera  moaitort  the  eatlre 

now  on  the  vertical  aidt. 

Theoretical  Performance 

of  hiffh  the  C^aeral  Electric  Shock  Tuaael,  there  are  thret  typet 

co^^rJ?;^  3  explaiat  thete  tnaael 

h^fcfiS^fk  •j*^**®"**^®*^^’  ^^®  is  straight  thock  tube.  The  flow 

ho  wave  (region  2)  provldee  high  Reynold,  nunfter 

.  f”  “«  reatrlcted  to  2  or  3.  It  i» 

no”  rfe  aUo!!. rS;'  “i**'  *«“*»"  “f  ‘k®  non-reflected 

raSo  of  «  “f  “ow  behind  the  incident  wave  through  an  nrea 

of  modLat’.  «  ?  *  iJfj'"  number,  between  4  and  6  aid  in  flow. 

aize  la  «oin«whI?n^l)h}**”*'^h  '  .  ®"*"'**  f«*f  .ectlon,  model 

reflected  wav.  *h  ^nntWe.  The  reflected  nozzle  configuratian  genaratea  a 

fte  incW.m!  K"*"®*  •“'«  the  arrival  of 

thr^ah  a  ^^tr*.’.  f  ’'*1'^“!*,  “““Ipy  otagnatlon  gaa  accelerate. 

pre«Bt  3M^eh'^“”* f  “■*  “^t  aection.  With  the 

and  12  i,  ^“™®te'’  throat,  the  flow  Mach  numbera  range  between  6.  0 

nu^er  t'o  2?^!''  ,°t-  will  extend  the  flow  Mach 

for  Umlnar  bouJ.Mrr^^r*itud“i«  *”  numbera  allow  only 

wiU  now  b.  di.e^f.*  “a  ealculatlona  for  the  three  teat  section. 

be«  model  Itf™!..  ”*  “‘7“”  «®5™“>W‘  number.,  flow  Mach  num- 

aiAi  c^^ftloi!^  "  ‘’?a"“7  temperature,  and  the  .Imulated  free 
erttea  of  ale  fif^*  ®“?®‘^®®®®-  calculations  were  mhde  using  the  prop- 
Bertett  (2).  *®®'”“®y«®“>l®  equilibrium  presented  by  HlLenrath  and 


Figure  4  preitnt#  the  free  itream  Reytioldt  number*  ae  a  func¬ 
tion  of  initial  driven  tube  preeiure  and  ibock  Mach  number.  The  iimlta  to 
the  right  are  due  to  driver  tube  deeign  preeaur*  Umite  (10,000  pel|.  It  can 
be  ieen  that  Reynold!  number!  as  high  at  10*  per  Inch  are  poatible  in  the 
•tralght  lube.  There  la  attfficlcnt  overlap  in  the  range*  of  Ac  Aree  te»t  ecc- 
tion*  so  aa  to  allow  atudlea  at  conatant  Reynold!  number*  over  a  wide  range 
of  Oow  Mach  number*. 

Figure  5  give*  A#  flow  Mach  number*  for  Ae  Area  configura- 
tiona  at  an  initial  driven  tub#  preasure  of  10  mm  of  Hg.  WiA  Ae  preaent 
3/4-lnch  diameter  throat,  which  provide*  an  area  ratio  Aj^/A*  of  ICOO,  Ae 
reflected  noaale  produce#  a  M^^^  value  of  12.6  for  iT*  1.4  flow*.  However, 
at  Ae  higher  ahock  Mach  number#  the  real  gaa  effect*  reduce  thla  to  approxl- 
maAly  6.6. 


The  model  aAgnation  preaaure  ratio  for  an  initial  driven  Abe 
prcaaure  of  10  mm  ia  depleted  in  Fig.  6,  aa  are  Ae  value*  for  a  conatant  / 
of  1.40,  There  are  1  to  2  order*  of  magniAd  ?  difference  between  preaaure 
level*  for  the  3  different  teating  condition*. 

The  atagnatlon  temperaAre  ratio*  for  Imtial  driven  Abe  coadi- 
tiona  of  10  mm  Kg  preaaure  and  530 "R  are  preaented  in  Fig.  7,  While  Ac 
atagnation  enthalpy  for  Ae  reflected  noaale  configuratioa  ia  greater  than  for 
the  straight -through  noaale,  Ae  real  gas  effect#  cauae  lower  atagnation  tem- 
peraArea  in  the  former  than  in  Ae  latter. 

The  range  of  simulation  for  a  vehicle  in  free  flight  in  the  atmos¬ 
phere,  based  on  stagnation  point  condition*  for  a  blunt  body,  is  shown  in 
Fig,  8.  The  upper  Hmlts  are  dictated  only  by  satisfactory  operation  of  Ae 
shock  tuzmel  facility.  These  limit*  occur  at  initial  driven  Abe  pressures  of 
about  1  mm  of  Hg. 

Tunnel  Operation 

An  important  consideration  in  shock  tunnel  work  is  Ae. establish 
meat  of  test  flows  through  Ae  noszlea  and  test  sections.  Work  at  CAJL  (3) 
has  shown  that  evacuatioa  of  Ac  nozzle  to  prezsurea  much  lower  than  initial 
driven  Abe  valuez  will  allow  Ae  aterting  wave*  to  pass  Arough  Ae  teat  aec- 
tion  and  cause  Ae  esAblJshment  of  Ae  desired  teat  flow.  First  attempts  to 
do  this  involved  separating  the  nozzle  from  Ae  driven  tube  wiA  a  thin  myler 
diaphragm.  Unfortunatalyy  Ae  diaphragm  shattered  and  contaminated  Ae 
test  flow  wiA  small  particles;  these  damaged  Ae  model  and  caused  model 
instrumentation  to  be  practically  useless.  To  overcome  this  problem  in  Ae 
reflected  nozzle,  the  following  techni^e  is  employed:  a  stopper  is  inserted 
A  Ae  3/4-inch  dAmeter  throat  (Fig.  9){  approximately  one  second  before 
firAg,  this  stopper  is  mechanically  pulled  back  into  Ae  dump  tank;  Ae  initial 
driven  Abe  pressure  drops  about  10%  before  firing  time  tj;  the  stertAg  waves 
pass  through  As  test  section,  ud  Ae  tejit  flow  is  esAblisbed  as  shown  (at 
time  t^).  The  establishment  of  Ae  flow  A  the  test  section  for  a  run  at  shock 
Mach  munober  6. 5  is  depicted  A  Fig.  10.  A  Fastax  camera  is  used  and  Ae 
gtLM  provides  its  own  illumiaatiott.  The  model  s Agnation  pressure  history  is 
^own  to  the  right.  Quasi-steady  sAte  testAg  time  is  obtained  for  a  period 
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reflected  b«ito  lo  redtic*  lh« 

n»erle.  *  different  ■clieme  ^»tTon«ideV*ed”^^C«I**T  •^■^'•ilhl-tjirough 

helium  in  the  110**1*  *rid  te.t  *#€110^**  thf •h0i«i  iii*i  4lh 

tube,  the  turung  wave*  will  pan  th-ouah  ouiekl*“^*  *"  '*’* 

Uahmen.  of  the  tea,  flow.  melg\^^Te,n  ;  the  e.ub- 

wccn  prnven  to  he  »uc€e*#fml* 

i.  the  ^^cidenMLfktlvfveloa^  «  »  »h0ck  runnel  run, 

entJy  in  u*e  *«  Ikndmrd  SLM**^*”**?*  »y«lem«  *r*  pre*- 

InVn  ?*••»!«.  One  incorperete^f*  **** 

.  oecillofcope  *nd  the  gage  reipont*..  ’  time  cmJibreted  Reeter  eweep 

counter  that  ie  tripped  and  otopped  between  fwo Vt.V  Another  uaet  a 

mbe.  A  preaaure  hiatory  for  aix  atatirm.  .i  °  ‘J***”"*  "ear  the  end  of  the 

Hathaway  o.cillo.cop,  recorder,  fa  a  porUon  of  1*  <rom  a 

mtero-.econd  timing  pm.e  can  be  .ceT.uperTmno«d ‘f*’ 

c  .ccn  euperimpoeed  on  each  trace, 

lait  60  feet  of  the  driven  tub^et  *^he  vclocittea  over 

For  an  initial  driven  tube  pree.ure  of  10  n/ J*'*^*^  presaure  i«  300  pii. 
Mach  number,  of  approximately  9.  5  are  obtTinld^ft' 


gyperimental  Model  Te.tinp 


u.ing  ‘he  «n«Ld^taa!rc"n^Tgu"r“uor  *'"*  obuined 

were  u.ed;  pre.iure,  heat  tran.fer  and  .rhr^*  *^*u* 

■^er,  and  .chlieren  photographing. 

itandard 

measured.  To  obtain  .ati.factorv  r^m-nrs  have  been  aucces .fully 

sage  in  a  cavity  {Fig^.  13K  ”®ce..ary 

model  surface.  Shock  mounting  with  rubbei*  ^®le  extend,  to  the 

cilia tions.  The  gage,  were  calibrated  in  th  reduce,  extraneous  os- 

ing  low  shock  Mach  number  run..  The  Lmm“.  * 

tea  ting  conditions  ThI*  linear  with 

at  the  stagnation  point  on  a  model  and  thinn  re.ponae  of  a  gage  located 

pre.sure  record  are  presented  in  mt  14  ®°”®*P°«ding  reflected  region 
trace  of  the  reflected  region  pre..url’waa  le^‘-  The 

tion,  A  gecDnd  wave  can  be  teen  at  a  ^centuated  by  the  photo  reproduc- 

lieved  that  this  i®  a  product  of  the  combuition^roce^T.  ^®‘‘ 

compared  with  calculated ^iutn^over  Tranv ^®8ion  pres.ure.  are 

tT  f  number,  belpw  T?®  the  «n*nber..  It  i. 

values  for  the  nominal  design  area  ra«n  nV  1  An  scatter,  about  predicted 

data  fall®  substantially  beloi  predicted  viuet  ^  ®*perimental 

these  results.  However,  calculations  ^  explanation  is  offered  for 

the  nozzle  for  this  facility  indicate  such  a  trend  frozen  flow  through 

va^uu  in  pressures® 


A  hriti  «urv«*y  wat  conducted  lo  determine  the  umformity  of 
conditions  in  the  lest  section.  Pressure  gsge  meaturcmenti  were  made 
along  the  stagnation  point  line  on  a  cylindrical  rake.  Figure  14  shows  the 
results  of  these  runs.  Measurements  indirale  that  models  with  a  maximum 
diameter  of  greater  than  6-tnchts  can  be  tested  in  a  fairly  uniform  Oow, 

Some  of  the  experimental  pressure  distributions  obtained  for 
basH  shapes  will  now  be  discussed.  Shown  are  comparisons  between  ex¬ 
perimental  data  and  modified  Newtonian  predictions  for  a  hemisphere  cyi- 
mder  body.  The  data  obtained  at  a  flow  Mach  number  of  6,7  and  a  stagnation 
temperature  of  SOOC^K  are  presented  in  Fig,  17.  The  points  scatter  about 
the  Newtonian  curve  up  to  S/R  values  of  1.2.  Beyond  that  the  data  falls  above 
the  curve.  Figure  18  is  the  distribution  at  Mach  number  9.0  and  a  stagnation 
temperature  of  3100*K,  The  data  tends  to  be  higher  in  the  subsonic  region 
about  the  stagnation  point. 

For  the  determination  of  surface  heat  transfer  rates,  thin  plati¬ 
num  film  resistance  gages  are  used.  The  films,  approximately  0, 1  micron 
thick,  are  sputtered  on  pyrex  and  vycor  plugs.  A  very  thin  coating  of  silicon 
monoxide,  about  0.03  to  0.05  microns  thick,  is  evaporated  over  the  gage  to 
provide  protection  from  the  ionized  test  gas  and  also  to  add  to  the  durability. 
Figure  19  shows  a  3-inch  diameter  epoxy  hemisphere  with  the  contoured  plug 
gages  mounted. 

The  response  of  a  stagnation  heat  transfer  gage  is  shown  in  the 
upper  left  corner  of  Fig.  20,  The  reflected  region  pressure  is  also  shovm. 
Time  is  increasing  to  the  left.  Vidal’s  solution  (4)  for  one -dimensional  heat 
transfer  into  a  semi-infinite  solid  has  been  programmed  for  the  704  computer. 
The  heat  transfer  history  that  corresponds  to  the  data  is  shown  at  the  bottom 
of  Fig.  20.  Quasi-steady  state  flow  is  experienced  between  2  and  5  milli¬ 
seconds  on  the  time  scale  shown.  Note  that  the  gage  >vas  still  responding 
after  10  milliseconds. 

A  comparison  between  stagnation  point  heat  transfer  rate  mea¬ 
surement  and  some  of  the  existing  theories  over  a  wide  range  of  stagnation 
enthalpies  is  shown  in  Fig.  21.  The  predictions  of  Cohen  and  Reshotko  (5), 
and  Lees  (6)  were  evaluated  using  the  Li -Geiger  approximation  (3)  for  the 
stagnation  point  velocity  gradient.  The  data  was  corrected  to  the  given  stag¬ 
nation  pressure  and  nose  radius  by  assuming  q  p  .  The  points  fall  sub- 

s  s 

r 

n 

stantially  higher  than  both  theories  in  the  low  enthalpy  high  flow  Mach  number 
range.  However,  at  the  low  Mach  numbers,  the  experimental  values  tend  to 
approach  the  predicted  ones. 

Figure  22  shows  the  results  of  a  brief  study  of  the  heat  transfer 
distribution  about  a  hemisphere.  The  data  tends  to  fall  below  the  Lee’s 
theory  except  near  the  tangency  point. 

Some  of  the  schlieren  photographs  obtained  on  various  cone- 
sphere  configurations  are  shown  in  Fig.  23.  The  average  flow  Mach  number 
was  about  12. 
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rifur«  24  mhQW  »  ©f  mmmwmtmi  »hmh  i#tJLclim#at 

4i§mncmm  mum  tiieorittcal  prc^ciiim*  far  m  Qmt»tm&s4  cyllmitr  itai  far  * 
the  iat*  t«Bi  t©  1*11  mh^vm  tli#  pr«ilicttd 

Co«ictw#iom* 


It  t«  c»cltt«iiid  t^t  tfct  fliack  tiia,a«l  fitcilllf  i#  m  mrnm  lakora- 
tsry  t»©l  (mr  tk®  »t«%  ©f  Mgk  mewmAfwm.tm€  problem®,  Tbroogb 

lb«  «fe  of  difftrent  t«»t  comftptrmtloai,  flew®  rritli  wide  r»Bg®»  of  Gew  M»cb 
TOiiaber.  •lagwttieKi  *»tli«lpy,  »»i  m«ya&Id*  nuu^mwm  mmy  he  pr©dac«d.  Tbe 
qtjui®i-'®t#iidy  te#t  flow®  mwm  sf  ®bort  darefloa  ••  m  few  mllJleecoad®  *•  but  te- 
striiitieatatiott  melbod®  are  eyaJlitble  for  tb®  meeauretaeot  of  onmiy'  importwat 
*erodyti»iwic  properti®*  ef  model  flew,  ^e««at  t«chai.que«  mrm  •ucb  tli*.t 
«ifwlfic»at  »c*tt«r  i®  pre®®ai  ia  tb®  t«®t  datei  however,  coatlamoii®  improve* 
meat  ba®  bee»  made  1«  la®trumenl»tioii  method®  and  it  I®  ejected  that  futsire 
devclQpmettt  will  reduce  tbi®  problem. 

SYMBQliS 

M  Macb  wumber 

E|.  Reynold®  number 

A  Area 

T  temperature 

u  velocity 

a  speed  of  sound 

p  pressure 

^  heat  transfer  rate 

r  radius 

S  surfiice  distance  of  hemisphere 

9  s/r,  radians,  also  cone  angle,  degrees 

bow  shock  detachment  iistence 
density 

h  enthalpy 

RT  33.  86  BTU/lb 

ms*^  millisecond 

i  centerline  of  test  section 


-  75  - 


REFERf:NCES 


1,  Warren,  W.R. ;  The  Design  and  Performance  of  th^  General  Electric 
Shock  Tunnel  Facility;  Froccedinga  of  the  lit  Shock  Tube  Symposium 
pponaored  by  the  Air  Force  Special  Veapona  Center,  Kirtland  AFB; 
February  1957, 

2,  J.  and  Beckett,  C.W,;  Tables  of  Thermodynamic  Proper- 
tiea  of  Argon-free  Air  to  15,000*K;  Thermodynamics  Section,  Nation¬ 
al  Bureau  of  Standards;  AEDC-TH-56-1Z;  September  1956. 

3,  Click,  H.S. ,  Hertsberg,  A.  and  Smith,  W.E. ;  Flow  Phenomena  in 
Starting  a  Hypersonic  Shock  Tunnel;  AEDC-TN-55- 16;  March  1955, 

4,  Vidal,  R.J. ;  Model  Instrumertation  Techniques  for  Heat  Transfer 
aod  Force  Measurements  in  a  Hypersonic  Shock  Tunnel;  WADC  TN- 
56-315;  February  1956. 

5,  Cohen,  C.B,,  and  Reshotko,  E. ;  The  Compressible  Laminar  Boxmdary 
Layer  with  Heat  Transfer  and  Arbitrary  Pressure  Gradient:  KACA 
TK  3326;  1955. 

6,  Leea,  L. ;  Laminar  Heat  Transfer  Over  Blunt-nosed  Bodies  at  Hyper¬ 
sonic  Flight  Speeds;  APS.,  Vol.  26,  No.  4;  April  1956. 

7,  Shaw,  J.E.,  Pergament,  H.  S  . ,  and  DiCiistina,  V. ;  Convective  and 
Radiative  Heat  Transfer  Equations;  Heat  Transfer  Technical  Memo 
No.  23,  hfkOSD,  G.E.  Co.;  1956. 

8,  Li»  T.  ,  and  Geiger,  R.E. ;  Stagnation  Point  of  a  Blunt  Body  in  Hyper¬ 
sonic  Flow;  J.A.S.,  Vol.  24,  No.  1;  January  1957. 

9,  Probstein,  R.  F. ;  Inviscid  Flow  in  the  Stagnation  Point  Region  of 
Very  Blunt-nosed  Bodies  at  Hypersonic  Flight  Speeds;  WADC  TN 
56-395;  September  1956. 

10,  Maslen,  S.H.  and  Moeckel,  W.E. ;  Inviscid  Flow  Past  Blunt  Bodies; 
J.A.S.,  Vol.  24,  No.  9;  September,  1957. 

11,  Hayes,  W.D.i  Some  Aspects  of  Hypersonic  Flow;  Ramo -Wooldridge 
Corp-  Memo.;  January  1955, 


-  76  - 


I) 


r 


Figure  1  Six  Inch  Shock  Tunnel 


Figure  2  Vi«w  of  Nozzi*  And  Toit  Socfl 
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Figure  7 
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SHOCK  DETACHMENT  DISTANCE  AT 
STAGNATION  POINT 


[ili] 


® BESS- nil £*  TIME  A  CHAMBER  SIIBJKCTJK&  TO 

~*~K^CI*rk,  Rettiirch  l^iboriaorte# 


L  wtroouctioh 

to  th*  Sprint  of  Ifih  *  comm*i.tml  tfp«  air  raid  ilitltof  w»f  m.3fpmwd 

U,  tb.  bU.l  W.v.  r..ul«.ng  from  .  nucU.r  »xpio..c.n.  P >■«>'  «>  "*  '**|  *  ’„ 
modxl  of  lh«  ohoiter  woo  fbe  24  oboe  tube  *l  &EL>  Tb  , 

of  (ho  .hock  tube  lo.t  «*.  two  fold  d!  to  e.t.blt.h  prM.ur.  CM*..  •”  »*' 

tMea  of  ih<t  prop«r  range  were  in#t*lltd  in  tbe  prototyp*,  PJ  to  make 
commendallpn*  on  metlioda  of  reducing  the  blail  wave  that  enter#  the  leating 

chamber. 


Snbieqwent  to  Ihete  t«»to  «  iecond  agency  reqwetted  BRl*  ^ 
pretiure-time  hietorie#  in  region#  within  complex  cntrancewayi,  The#e  ic»i» 
were  followed  by  te»f  on  more  «p«cific  de#ign  ihelter#  and  cm  ventilation 
device#.  It  wa#  fowd  that  the  complex  de.ign*  tt#ted  were  of  little  help  ^ 
predicittoff  the  blaft  pattern  to  another  deitgn.  It  wat  felt  that  a  need  «*»««« 
tor  work  on  ehanei  that  would  provide  tniormation  to  a  general  form,  to  tn*® 
prediction  could  be  made  for  a  partic^ar  iorm.  To  thl#  end  #01110  general 
experiment#  were  conducted  in  the  24  ahock  tube. 

Thi#  paper  deal#  with  three  let#  of  shock  tube  lest#  on  the  *j[***_^^  j 
wave  filling  of  chamgers.  This  topic  however  ha#  two  diatinct  ‘tojough  relateo 
aspects:  The  •hock  front  or  peak  pressure  discontinuity  which  enter#  _ 
chamber,  and  the  pressure  increase  to  the  chamber  resulting 
following  the  shock  front.  These  aspects  are  related  in  the  scnic  that  li  the 
fill  rate  is  high,  the  shock  front  is  usually  of  high  pressure. 


II. 


EXPERIMENT 


Shock  tube  test  were  conducted  on  chambers  with  the  orifice  openings 
facing  0*,  30-'  45%'  60%  and  90“  to  the  shock  wave  flow:  and  with  tunnels  of 
various  forms  leading  into  the  chamber.  Shock  overpressures  between  5  and 
30  p#i  were  applied  to  the  system  and  the  pressure  phenomenon  withm  the 
chamber  was  recorded  with  a  piezo-electric  recording  system. 

The  first  series  of  test  were  run  with  the  orifice  opening  flush  with 
the  wall  of  the  shock  tube.  These  data  showed  the  rigorous  quasi -steady  now 
theory  to  be  impractical  for  general  use.  Wi  en  the  theory 
following  manner  the  application  of  equation  (1)  differs  from  the  emp 

data  by  a  factor  of  2. 
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and  that  ^  ^  that, 


P,,  whirh  may  b«*  reduced  to 
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dP,  .  7a  P, 

3  A  o  3 

W —  "  T  —ITT” 


p. 


2/7 

) 


1/^ 


(i) 


where  V 


volume  of  chamber 


A  =  area  of  orifice 


P=  P^att^O 
o  3 


P,  p,  u,  a,  and  t  =  pressure,  density,  flow  velocity,  sound  velocity 

and  time  respectively. 

A  simplified  method  for  determining  the  pres  sure -time  history  rr 
the  chamber  was  determined  from^he  empirical  data  and  is  described  here. 
This  method  has  been  applied  to  — x  ratios  greater  than  the  experimental 
data  and  to  pressures  in  excess  of  the  shock  tube  data. 


III.  Application  of  Empirical  Data 

Assume  that  the  rate  of  pressure  rise  in  the  chamber  is  equal  to 
an  arbitrary  function  of  the  pressure  difference  through  the  orifice  and  to 
the  area  of  the  orifice  and  inversely  to  the  volume  of  the  chamber  in  feet. 


Thus 


At 


KA 

~V~ 


where  K  =  f  (P^  -  P^) 

Figure  1  is  a  graph  of  K  versus  (P^  -  P^)  taken  from  experimental  data. 
So  to  find  the  fill  time  curve  of  a  chamber,  the  expected  (  P^  t)  curve  is 
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drawn  and  at  i  -  0,  m  measured  and  K  js  read  from  th«-  gi«sph. 

Using  ihs*  K,  the  volume  and  area,  the  rate  of  pressure  •  rise  is  determired. 

This  IS  drawn  as  a  straight  line  with  slope  — ,  and  t^  nrst  portion  oi 

this  line  is  taken  as  *he  first  segment  of  the  fill  time  curv, .  This  process 
is  repeated,  each  time,  assuming  a  point  on  the  previous  segment  to  measure 
the  new  |P  ^  -  P^). 

If  in  going  through  this  process,  excessively  large  segments  are 
chosen,  the  discontinuity  between  segments  will  be  obviously  too  great  and  it 
w'ill  be  apparent  that  shorter  segments  should  be  chosen.  In  5  to  8  segment 
calculations,  the  resulting  curve  approaches  the  external  pre.ssure  and  its 
slope  approaches  zero. 

Figure  2  shows  the  method  applied  to  two  chambers  in  the  shock 
tube.  Figure  3  and  4  show  the  method  applied  to  chambers  subjected  to 
nuclear  blast  waves  in  the  field,  both  typical  and  atypical,  and  with  a  great 
increase  in  the  volume  to  area  ratio  over  that  which  was  shock  tube  tested. 
These  data  show  good  agreement  with  the  predicted  lesults  even  though  the 
applied  pressures  are  greater  than  the  shock  tube  test  data. 

IV.  Effect  of  Orifice  Orientation 


The  next  phase  of  this  filling  test  was  designed  to  investigate  the 
effect  of  orifice  orientation  with  respect  to  the  direction  of  the  shock  wave 
flow.  For  this  test  a  jig  was  constructed,  Figure  5,  and  mounted  on  a  circu¬ 
lar  shock  tube  port,  convenient  for  adjusting  the  orientation  of  the  orifice 
opening.  The  orifice  duct  leads  to  the  chamber.  Piezo-electric  gauges  we-re 
mounted  on  the  surface  next  to  the  orifice,  in  the  duct  v/all  and  in  the  chamber. 
The  volume  to  area  ratio  for  the  system  was  45.  5  feet.  Step  shock  waves 
{50  milliseconds  flattop),  of  10,  20  and  30  psi  overpressure  were  applied 
to  the  system  with  angles  of  orientation  at  0®,  30°,  45°,  60°  and  90°  (side-on). 

The  pressure  rise  in  the  chamber  for  the  lO  and  20  psi  shock  is 
shown  in  Figure  6.  This  figure  emphasizes  the  significance  of  orientation  on 
both  the  pressure  maximum  reached  and  the  rate  of  pressure  rise  in  the 
chamber.  Note  the  same  rate  of  pressure  rise  occuring  at  the  10  psi  face- 
on  (0°)  condition  as  at  the  20  psi  side-on  (90°)  condition,  yet  the  stagnation 
‘pressure  for  the  10  psi  shock  is  only  12.  3  psi.  A  further  reduction  in  the 
rate  of  pressure  rise  should  be  expected  when  the  orifice  opening  is  more 
than  90° 


Pressure  measured  in  the  orifice  duct  reveals  some  interesting 
results.  The  initial  part  of  these  records  show  a  shock  discontinuity  followed 
by  a  short  non- steady  rarefaction  and  then  by  quasi  steady  flow.  If  the  flow 
is  subsonic,  the  pressure  in  the  duct  will  adjust  to  the  pressure  in  the  chamber. 
If  the  flow  in  the  duct  is  sonic,  then  the  pressure  in  the  duct  will  be  dependent 
of  the  pressure  in  the  chamber. 


Th#  ihock  from  overpr«in«re  m  Ihe  dad  it  jnc retted  by  »  factor 
of  2.  5  for  the  tame  applied  thock  by  changmg  from  tide-on  to  face -on  (90*Ht 
0*)  orientation  of  the  orifice  opening,  tee  Fig.  1, 

The  condition  for  Mach  i  flow  in  the  duct  la  a  function  of  P^l 
and  orientation  angle. 

There  i*  a  Mach  i  curve  on  the  applied  preaaure  veriu*  orientation 
aungle  plane  below  which,  aubaonic  flow  occur*,  and  above  which  fonic  flow 
occur*  in  the  duct. 


P 


1 


psia 


In  the  sonic  region  the  pressure  in  the  duct  is  equal  or  greater 
than  the  ambient  pressure,  depeniding  on  whether  the  pressure  and  angle  fall 
on  or  above  the  Mach  1  curve.  If,  for  example,  the  pressure  and  angle  are 
at  A,  the  pressure  in  the  duct,  P2  >  remain  constant  until  the  chamber 

fills  to  this  critical  pressure  (P^  P2 


P  =  0 
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Tht*  coattauRt  or  cnticul  pretiore  la  the  duct  tppeara  to  have  * 
p«rticuilikr  reittioaihip  to  the  etde-oa  pretiure  of  the  applied  ihock  wave  for 
the  £«ce-oa  {0*)  orifice  opening.  According  to  the  esrperiir.ental  data,  the 
ratio  of  the  abioluie  applied  pretaure  to  the  critical  flow  prefiure  in  the  duct 
ia  a  conatant: 


thua 


t ,  65 


where  Pj^  24.7  approximately,  *  I,  with  orifice  opening  face -on. 

If  the  atagnation  preaaurca  of  the  facc-on  ahock  wave  |P.)  ia 
_  ....  ...  ....  _  *  .  ^  .  . 


P  ,  and  critical  condition#  exiat  in  the  duct  , 
0 1  2 

relation, 


u*.  *  a,. 
2  I* 


the  theoretical 


(P^j  "  Stagnation  preaaure  at  Location  1) 


1.893,  or  alightly  leaa  for  ahock  wavea  in  the 


pressure  range  tested,  should  hold.  According  to  the  experiment  this  does 

hold  at  the  minimum  critical  pressure  P^  =  14.7  and  P^j  ^ 

however,  for  stagnation  pressures  greater  than  27.5,  this  ratio  — =  1.893 

P 

Pj  ^2  Pj 

does  not  hold,  but  the  ratio  -w —  =  1,65  does  hold.  If  this  relation  —  = 

2  2 
1.65  proves  to  be  an  aerodynamic  shock  principle  and  not  just  a  character¬ 
istic  of  the  experimental  set-up,  a  useful  tool  for  a  direct  relation  to  all 
of  the  parameters  in  the  filling  process  may  be  on  hauid,  (P  ,  denotes 
stagnation  pressure  in  region  2. ) 


u  pj  A 

For  an  example  u^  p2 

since  for  ^  14.7,  u^  = 


dP3 

Tf" 


A. 

T  ^2^2  = 


A 

“TT  ^oPo 


A 

V  Po 
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and  for  the  ilEfnation  preiiore  tn  the  doct 


»irtce 


> 

T  ’  ^ 


1.89  3 


1 . 65 


Po2  ^  ^1 


Plans  to  verify  this  relation  by  using  a  similar  system  but  with  a 
larger  baffle  and  a  straight  duct  arc  in  process. 

V.  Effect  of  Tunnels 

The  third  part  of  this  paper  deals  with  the  effect  of  tunnels  in  the 
filling  of  chambers,  A  tunnel  of  some  configuration  is  usually  used  to  enter 
an  underground  structure.  So  the  purpose  of  this  test  was  to  determine  some 
general  effects  of  tunnel  forms  used  in  reducing  the  rate  of  pressure  rise  to 
the  chamber. 

Figure  8  shows  the  diagram  of  three  tunnel  forms  considered  to 
represent  a  good  cross-section  of  possible  effective  tunnel  forms.  The 
results  of  these  tests  may  be  applicable  to  more  complex  forms.  The  details 
of  the  tests  which  go  into  the  p-t  sequence  in  each  leg  of  the  tiuinels  have 
been  neglected  for  the  more  distinct  concluding  effects  of  the  pressure  rate  of 
rise  in  the  chamber. 

The  small  circles  on  the  diagram  designate  the  location  of 
piCzo- elec  trie  gauges.  Figure  9  shows  the  p-t  history  taken  from  the 
gauges  in  the  chamber  of  each  of  the  three  tunnel  forms  for  the  20  psi 
externally  applied  overpressure  shock.  This  same  characteristic  set  of 
curves  was  obtained  for  the  weaker  10  psi  shock.  The  "double  entry  tunnel" 
shows  the  fastest  rise  and  the  highest  pressure  reached  (the  double  entrance 
has  the  effect  of  allowing  a  delayed  reflected  pressure  to  be  applied  to  the 
chamber).  In  the  by-pass  tunnel  the  low  rate  of  pressure  rise  occurs  because 
the  original  flow  di  vides  into  two  streams  and  hence  reduces  the  mass  flow 
into  the  chamber.  This  reduced  rate  of  filling  (by-pass  effect)  terminates 
in  about  13  milliseconds  when  a  sudden  increase  in  the  slope  occurs.  This 
increase  is  due  to  the  reflected  pressure  from  the  blind  end  of  the  by-pass, 
returning  to  the  chamber.  So  the  duration  of  the  by-pass  effect  is  determined 
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iiif  lli«  tim«  for  th«  ifeiock  to  mov«  down  the  tiy-p*»i  m-tm^  r«fisct  and  return 
to  tlie  ckamber*  U  thn  by-pat*  arm  la  ejrtei»d«d  the  by-pat*  effect  it 
•ateaded,  Howevtr,  an  optimum  length  of  ihit  arm  it  reached  over  which 
th-e  by»patt  effect  ciumot  reduce  the  rate  of  pretture  rite.  The  optimum 
by-pati  duration  win  iaat  until  the  pre*#«re  difference  -  P^f,  it 

•mall  enough  to  that  no  increate  in  the  rate  of  filling  will  occur  when  the 
by-patt  effect  it  dltcontinued.  The  optirrium  hy-pat«  length  CL)  for  the 
wal  top  wave  it  attociated  directly  with  the  chamber  volume  and  the  orifice 
area  by  the  relation  L  =;  JL  . 

A 

Figure  10  thowt  the  tingle  entry  form,  the  by-past  form  and  the 
optimum  length  by*pa»t  form  at  a  broken  line.  Here  there  appeared  to  be  a 
wlque  way  of  utilizing  a  funnel  to  reduce  pretture  rate  of  rise  in  a  chamber. 
However,  from  an  economy  of  volume  point  of  view,  If  the  optimum  by-past 
tunnel  tyttem  having  a  chamber  volume  of  V  and  a  by-past  arm  volume 
of  V  for^a  total  volume  of  EV  were  replaced  by  the  tingle  simple  tunnel 
tyttem  with  a  chamber  volume  of  EV,  the  resulting  rate  of  pressure  rise 
would  be  lets  than  the  optimum  by-pass  system  (sec  bottom  curves  marked 

•^  =  35  in  Figure  10,  Therefore,  on  the  basis  of  these  results  one  would 

conclude  that  the  use  of  a  tunnel  system  as  a  means  for  reducing  pressure  in 
a  chamber  is  impractical.  There  may  be  exceptions  to  this  conclusion,  such 
3M  the  double  entry  tunnel  form  opening  on  each  side  of  a  mountain  so  that 
the  pressure  is  greatly  reduced  as  the  external  shock  passes  over  the  moun- 
tam,  or  where  the  tunnel  lengths  are  in  the  same  order  as  the  applied  shock 
wave  length. 


Figure  2  EXAMPLES  OF  FILL  TIME  PREDICTION  METHOD 
APPLIED  TO  SHOCK  TUBE  WAVE  SHAPE 


COMPARISON  OF  FIELD  RECORD  AND  PREDICTED  CURVE  FOR  SLOW  FILL  CHmMDER 
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SHOCK  FROKT  OVERPRESSUftE  IN  TUNNEL  -  PSf 
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Symbola 


•peciftc  heat 

electrical  potential 

electric  current 

linear  dimenf lor.-thicknci* 

specific  heat  flux 

resistance 

time 

temperature  coefficient  of  resistivity 
density 

characteristic  time  of  experiment 
Subscripts 


material 


DETERM.IH AXIOM  OF  THE  TIME  HISTORf  OF  THE  TLOW 
Fmm  ABOUT  BLOMT  BODIES  m  A  SHOCK  TIJB? 

E,  Ottmnhmru  jmd  H,  W€t»&latt 


E  Intred  action 

The  ihocli  tube  cjin  be  considered  to  be  *n  extremely  short 
duration  supersonic  wind  tunnel  with  the  advantage  of  enabling  the  stimula¬ 
tion  of  the  re-entry  of  a  blunt  body  into  the  earth's  atmosphere  (reference  I 
^d  2|  ,  The  steady  state  testing  time  available  in  supersonic  wind  tunnels 
is  in^gensral  a  function  of  model  and  tunnel  geometry  as  well  as  operating 
conditions.  Specifically  for  blunt  body  tests,  the  .duration  of  steady  state 
flow  within  supersonic  tunnels  is  dependent  upon  the  tunnel  boundary  layer, 
the  strength  of  the  detached  bow  wave  and  the  resulting  area  ratio.  In  addi¬ 
tion  for  the  shock  tube  case,  the  aerodynamics  is  further  complicated  due 
to  attenuation  (references  3  and  4*), 

When  imdertaking  aerodynamic  investigations  within  a  shocktube, 
it  is  of  interest  to  examine  the  influence  of  these  parameters  on  the  duration 
of  steady  state  testing  time.  Therefore,  in  order  to  understand  the  flow 
field  about  blunt  bodies  during  shock  tube  teats  an  experimental  investigation 
was  undertaken  over  a  range  of  operating  conditions  within  a  1.  5  inch  diameter 
shock  tube. 

Experiments  and  Models 

The  experiments  to  determine  the  time  history  of  the  flow  field 
about  blunt  bodies  were  conducted  within  a  1.  5  inch  diameter  shock  tube 
over  an  approximate  shock  Mach  number  range  of  6  to  10.  6  and  an  initial 
pressure  range  of  5  to  76  centimeters  of  mercury. 


1  This  work  was  done  at  the  Avco  Research  Laboratory  under  the 
sponsorship  of  the  Air  Force  (BMD,  AM  DC  O  through  contract 
AF  04(645) -18  in  support  of  AF  04(645) -30. 

*  Senior  Scientist  -  Research  and  Advanced  Development  Division,  Avco 
Manufacturing  Corporation. 

**  Associate  Scientist  -  Research  and  Advanced  Development  Division, 
Avco  Manufacturing  Corporation. 
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The  »tamleti  »ieei  modeli  consiited  of  *  hemisphere  -  cyimdcr 
Aftd  an  arbitrary  blunt  t>ody  of  two  different  diameters  choaen  ao  a»  to 
generate  a  stronger  detached  bow  wave  than  generated  by  the  hemisphere- 
cylmder.  One  of  the  blunt  bodies  was  of  the  same  diameter  as  the  hemi¬ 
sphere-cylinder,  whereas  the  other  blunt  body  was  taken  to  be  ,750  of  the 
diameter  of  the  hemisphere-cylinder.  In  this  way  it  was  possible  to  deter¬ 
mine  the  effect  of  bluntncis  and  model  sire  on  the  time  history  of  the  flow 
field.  In  addition  pyrex  models  instrumented  with  calorimeter  gages  wsre 
used  for  the  tests.  These  models  were  used  to  determine  the  sensitivity 
of  heat  transfer  measurements  to  changes  in  the  flow  field. 

III.  Test  Technique 

Because  of  the  short,  duration  of  the  characteristic  test  time 
(defined  as  the  time  between  the  passage  of  the  shock  wave  and  the  arrival 
of  the  mixing  region  at  the  model)  it  was  not  posfible  to  obtain  motion  pictures 
of  the  flow  during  a  given  test.  Hence  at  a  fixed  operating  condition,  schliercn 
photographs  were  obtained  at  approximately  10  microsecond  intervals.  The 
time  sequence  was  obtained  over  the  expected  duration  of  the  teat  region  of 
uniformly  heated  and  compressed  air  and  required  many  teats  at  a  fixed 
operating  condition.  The  attenuation  of  the  shock  wave  was  monitored  for 
each  test  and  within  the  normal  attenuation  scatter  (reference  5)  the  test 
results  were  repeatable. 

In  order  to  determine  the  sensitivity  of  calorimeter  gages  to  the 
time  history  of  the  flow  field,  heat  transfer  measurements  were  obtained 
over  the  test  range  for  the  hemisphere-cylinder  and  blunt  body  of  the  same 
diameter. 

Data  Reduction 

The  achlieren  photographs  enabled  the  measurement  of  shock 
detachment  distances  for  fixed  body  locations.  In  addition,  the  entire  bow 
wave  shape  was  measured  and  replotted  to  the  same  scale  to  enable  a 
qualitative  study  of  the  change  in  shock  shape  with  time. 

For  the  tests  using  calorimeter  gages,  each  measuring  station 
was  monitored  on  a  different  oscilloscope  with  each  oscilloscope  set  for  a 
discrete  sweep  rate.  Thus  during  a  given  test  each  time  interval  of  interest 
in  the  flow  field  could  be  examined  in  detail. 

V.  Results  and  Discussion 

The  reduction  of  the  schlieren  and  heat  transfer  data  enabled  an 
understanding  of  the  time  history  of  the  flow  field.  In  general  this  history 
was  analyzed  by  consideration  of  three  time  intervals.  The  first  time 
interval,  or  bow  wave  build  up  time,  occurred  immediately  after  the  normal 
shock  had  passed  the  model.  During  this  interval  the  bow  wave  formed, 
moved  forward  from  the  body  and  assumed  a  steady  state  shape  and  position. 
The  second  time  interval,  or  steady  state,  during  which  the  Bow  wave 
remained  in  an  equilibrium  position  lasted  until  the  onset  of  the  third  or 
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phm^*  Till#  l**t  iM«:rvii.l  itArtcd  vfhtan  th^  htaw  wwm 
tomr*cti©n  with  the  iitrh«t«nt  boun-dmry  t*yer  on  the  fhock  tube  w*ii» 
cauied  chjya§««  t©  the  bow  wji.¥e,  Owring  thit  inter %’'«.!  the  bow  w*v« 
ditt§rted  *t  the  wall*,  then  changed  shape  and  became  mere  normal  with 
time.  The  onset  of  «iifie*4y  flow  ©ccarred  before  the  arrival  of  the  mixing 
region  al  the  model*  Tbeee  change*  Ir  the  flow  field  will  be  demonstrated 
by  conatdering  the  reiolt*  obtained  for  a  particular  operating  condition  of 
a  ahock  hiacb  number  of  approximately  1.  S  and  an  initial  pr«**ur«  of  l§ 
centimeter*  of  mercary.  The  heat  trantfcr  result*  can  be  analyred  by 
confide  ring  the  following  €xpre»*ion  for  the  heal  transfer  rate  to  a  calori¬ 
meter  type  gage  given  in  reference  5  a* 
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It  ihotild  be  noted  that  the  heat  tran*fer  rate  to  the  gage  i»  con*tant  when 
the  voltage  change  with  time  i*  linear*  It  i«  then  of  intere»t  to  determine 
when  the  voltage  change  with  time  i»  linear  and  when  thi*  take*  place  in 
the  flow  field. 

The  change*  in  slope  of  voltage  with  time  can  be  seen  from  the 
heat  transfer  record*  obtained  for  the  hemisphere-cylinder  which  are 
fhown  in  Figure  1,  The  oscilloscope  record*  show  the  measured  variation  of 
voltage  with  time  as  obtained  for  various  times  of  interest  in  the  flow  field. 
The  slopes  of  each  heat  transfer  record  are,  for  clarity,  redrawn  above  the 
oscilloscope  trace.  The  dashed  line  shown  during  any  one  time  interval 
indicates  the  slope  of  the  oscilloscope  record  during  the  preceding  time 
interval.  The  difference  between  the  dashed  line  and  the  solid  line  represents 
the  change  of  slope  during  consecutive  time  intervals.  Thus,  the  heat  trans¬ 
fer  records  indicate  the  sensitivity  of  the  calorimeter  type  gage  to  the  postu¬ 
lated  changes  in  the  flow  field. 

Although  these  changes  in  slope  appear  to  be  quite  small  they 
are  directly  reflected  in  the  calculation  of  the  heat  transfer  rate  as  shown 
by  equation  1.  To  indicate  the  effect  of  these  slope  changes,  the  heat 
transfer  rates  were  calculated  and  are  presented  as  heat  transfer  ratios 
in  Figure  2  as  a  function  of  time.  The  heat  transfe'*  ratio  is  defined  as 
the  heat  transfer  rate  at  the  time  indicated  divided  y  the  heat  transfer  rate 
during  steady  state  flow.  Thus,  interpretation  of  the  heat  transfer  rate  for  this 
particular  case  could  differ  by  as  much  as  50  per  cent  if  one  were  to  consider 
that  the  flow  remained  steady  throughout  the  entire  time  of  the  measurement. 

To  further  substantiate  the  existence  of  the  three  phases  of  the 
flow  field  the  shock  detachment  distances  as  determined  from  the  schlieren 
photographs  are  shown  in  ratio  form  in  Figure  3  as  a  function  of  time.  The 
shock  detachment  distance  ratio  is  defined  as  the  shock  detachment  distance 
at  the  time  indicated  divided  by  the  shock  detachment  distance  during  steady 
state. 
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ratios)  wf-rc  also  obtained  for  the  other  blunt  bodies.  Wiihm  the  accuracy 
of  the  measurements,  a  was  found  that  the  time  required  to  establish  steady 
Slate  flow  was  the  same  for  each  body  when  tested  at  a  fixed  operating  condi¬ 
tion.  However,  the  lime  duration  of  steady  state  flow  was  different  for  each 
model. 

Figure  4  shows  the  shape  of  the  bow-  wave  at  typical  points  of 
interest  m  the  flow  field  for  each  of  the  blunt  bodies  tested.  As  time  increases 
the  bow  wave  moves  upstream  from  the  body  and  then  assumes  a  steady  state 
shape  and  position.  As  time  continues  to  increase,  the  bow'  wave  distorts 
near  the  shock  tube  walls  and  finally  changes  shape  completely.  It  is  interest¬ 
ing  to  notice  that  the  bow  wave  formed  symmetrically  and  continued  to  develop 
symmetrically  until  steady  state  was  reached. 

A  schematic  diagram  of  the  bow  wave  interaction  with  the 
turbulent  boundary  layer  along  the  shock  tube  walls  is  indicated  in  Figure  5, 

The  turbulent  boundary  layer  becomes  thicKcr  upstream  of  the  point  where 
the  bow  wave  intersects  the  layer.  The  thicker  boundary  layer  acts  so  as 
to  generate  compression  wav'es  forward  of  the  impinging  bow  wave.  Thus, 
the  shape  of  the  impinging  bow  wave  and  its  wall  reflection  are  modified  by 
the  boundary  layer  shock  interaction  (reference  6).  The  boundary  layer 
along  the  shock  tube  wails  grows  with  time  and  the  interaction  between  the 
impinging  wave  and  the  boundary  layer  becomes  more  pronounced  until  such 
time  when  the  bow  wave  becomes  distorted  and  the  resulting  flow  field  be¬ 
comes  unsteady.  The  location  of  the  sonic  point  on  the  bow  wave  is  also 
worthy  of  consideration.  When  the  sonic  point  on  the  bow  wave  is  in  close 
proximity  to  the  shock  tube  walls^  the  flow  field  is  more  sensitive  to  bow 
wave  distortions  at  the  wall  than  if  the  sonic  point  occurs  further  away 
from  the  wall. 

The  results  of  the  tests  to  determine  the  time  history  of  the  flow 
field  are  summarized  in  Figure  6.  This  figure  has  been  prepared  as  an 
operational  curve  based  upon  the  test  conditions  of  the  present  investigation 
within  a  1.  5  inch  diameter  shock  tube.  The  lower  curve  of  the  figure 
represents  the  total  build-up  time  during  which  the  bow  wave  formed  and 
moved  upstream  from  the  body  to  the  steady  state  shape  and  position. 

Clearly  then,  for  the  models  tested  the  build-up  time  was  independent  of 
the  model  shape  and  size.  For  comparison  purposes  the  test  result  of 
reference  7  is  also  shown.  This  data  point  from  reference  7  represents 
the  time  for  the  bow  wave  to  reach  a  steady  state  position  in  the  flow  about 
a  0.25  inch  diameter  two  dimensional  cylinder  tested  in  a  2.875  inch  by 
2.  875  inch  shock  tube.  The  faired  portion  of  the  curve  to  include  this  data 
point  indicates  the  possibility  that  bow  wave  build-up  time  may  also  be 
independent  of  body  shape  and  indicates  the  similarity  of  results  obtained 
by  independent  investigations. 

The  total  time  duration  of  the  flow  (i.  e. ,  build-up  time  plus 
steady  state  time)  for  each  of  the  blunt  bodies  tested  is  also  shown  in 
Figure  6,  For  a  given  body  shape  of  different  diameter  the  smaller  body 
yielded  the  larger  test  time.  Both  the  time  required  for  the  bow  wave  to 
reach  an  equilibrium  state  and  the  total  available  test  time  decreased  as  the 
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shock  Mach  number  increased  and  the  initial  pressure  decreased.  Also 
shown  in  Figure  6  is  the  experimentally  dctcrm.ned  time  duration  (r/Z) 
of  the  test  region  taken  as  the  time  interval  between  the  passage  of  the 
normal  shock  and  the  arrival  of  the  mixing  region  at  the  model  (reference  5), 
Actually,  the  test  time  as  calculated  from  the  theory  was  found  to  be  equal 
to  t;  however,  experimental  values  were  found  to  be  one -half  of  the  calcula¬ 
ted  values.  Thus,  the  characteristic  lime  of  t/2  was  recommended  for 
use  (reference  5^ . 

In  reference  7,  it  was  found  that  the  t/2  type  prediction  for 
testing  time  described  adquately  the  total  time  duration  of  the  flow  about 
the  0.25  inch  diameter  two-dimensional  cylinder.  For  this  case  the  boundary 
layer  along  the  shock  tube  walls  was  laminar  and  the  interaction  of  the  bow 
wave  with  the  boundary  layer  did  not  cause  any  change  in  the  available  test 
time.  However,  for  the  present  tests  the  unsteadiness  of  the  flow  field 
about  the  two  different  diameter  models  tested,  caused  by  the  interaction 
between  the  detached  bov/  wave  and  the  shock  tube  wall  turbulent  boundary 
laver,  imposed  a  more  severe  restriction  upon  the  test  time  than  does  the 
t/2  prediction  of  reference  5, 

VI.  Conclusions 


The  time  history  of  the  flow  field  about  blunt  bodies  has  been 
experimentally  investigated  within  a  1.  5  inch  diameter  shock  tube  over  a 
range  of  operating  conditions.  Heat  transfer  measurements  were  found  to 
be  sensitive  to  the  entire  time  history  of  the  flow  field. 

The  time  history  was  found  to  consist  of  three  distinct  intervals. 
The  first  time  interval,  or  bow  wave  build-up  time,  occurred  immediately 
after  the  normal  shock  had  passed  the  model.  During  this  interval  the  bow 
wave,  formed,  moved  upstream  from  the  body  and  assumed  a  steady  state 
shape  and  position.  The  second  time  interval,  or  steady  state,  during 
which  the  bow  wave  remained  in  an  equilibrium  position  lasted  until  the 
onset  of  the  third  or  unsteady  flov/  phase.  This  last  interval  started  when 
the  bow  wave  interaction  with  the  turbulent  boundary  layer  on  the  shock  tube 
walls  caused  changes  to  the  bow  wave.  During  this  interval  the  bow  wave 
distorted  at  the  walls,  then  changed  shape  and  became  more  normal  with 
time.  From  a  study  of  the  time  history,  the  resulting  steady  state  test 
time  was  found  to  be  less  than  the  characteristic  time,  defined  as  the  time 
interval  between  the  passage  of  the  normal  shock  and  the  arrival  of  the 
mixing  region  at  the  model. 
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Figure  2  Heat  Transfer  Ratio  as  a  Function  of  Time. 
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Figure  3  Shock  Detachment  Ratio  as  a  Function  of  Time. 
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Figure  5  Schematic  Diagram  of  Shock  and  Turbulent  Boundary  Layer  Interaction. 


TEST  TIME  TO  FLOW  BREAKDOWN  MICROSECONDS 
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Total  Test  Time  for  Flow  Breakdown  as  a  Function  of  Shock  Tube  Operating  Conditions. 
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SOME  EXPERIMENTS  WITH  PEEJOOIC  SHQCI^* 

J»ck  Kotik 

Tcchnicit*  Research  Group 


The  early  work  of  Hud»on,  Sh*w,  cl  >!♦  (N.  Y,  U.)  cttabliihcd  the 
extftence  of  periodic  thockt  m  a  cloied  tube  excited  by  an  oacillating  piiton. 
It  waa  found  that  ihocka  occur  only  when  the  piitton  frequency  f  and  tube 
length  L  aatiafy  fapproximately)  the  acouitic  resonance  condition  L  *  A/1, 
Af  »  c.  where  c  ia  the  velocity  of  sound  in  the  undisturbed  gas.  Only  weak 
shocks  {M  <  1.  15)  were  observed,  and  no  heating  effects.  The  prediction  of 
the  observed  data,  especially  shock  strength  as  a  function  of  the  piston  mo¬ 
tion,  is  a  difficult  theoretical  problem,  since  a  periodic  solution  can  be  ex¬ 
pected  only  if  we  consider  the  heat  flow  from  the  gas  through  the  tube  to  the 
environment.  A  number  of  investigators,  including  Keller  and  Hudson,  have 
attacked  this  problem  with  partial  success. 

In  view  of  the  theoretical  difficulties  in  predicting  shock  excitation, 
an  empirical  approach  was  adopted.  Two  different  piston  assemblies  ("com¬ 
pressors")  were  constructed,  as  well  as  four  tubes,  of  two  different  diam¬ 
eters  and  lengths.  The  compressors  could  each  be  run  at  3460  and  6920  rpm 
(nominal).  Interchangeability  was  provided  for,  so  that  the  influence  of  each 
variable  could  be  isolated.  Among  the  combinations  are  tubes  of  one  diam¬ 
eter  excited  by  compressors  of  another.  The  quantity  chosen  as  a  measure 
of  shock  strength  was  -  1,  where  is  the  measured  pressure  ratio 

across  the  single  shock  (per  cycle)  observed  at  the  closed  end  of  the  tube. 

where  ,  ‘JU  are  the  incident  and  reflected  shock  pressure 
JML  IK.  1.  K 

ratios.  The  equipment  was  as  follows: 

Compressors:  C^:  Bore  =  1  15/16"  Stroke  =  1/2" 

C^:  Bore  =  2  1/4"  Stroke  =  2" 

Tubes:  T^:  Inside  diameter  =  1  15/16" 

Inside  diameter  =  7/8" 

Tube  lengths  were  variable.  The  results  follow: 

Change  in  tube  length,  with  Cj,  Tj,  f  =  6920  rpm; 

L=A/2,  -  1  '-'0.56; 

L  =  A,  -  1-^  0.  37. 

'  '  '  '  '  ‘  ■  "  '  '  “  1  -  - -  T  1  - . - ^  ^ 

Complete  paper  can  be  obtained  from  Jack  Kotik,  Technical  Research 
Group,  1/  Union  Square  West,  New  York  3,  N.  Y. 
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ChAftfip  in  fr#«j«ency,  wuts  Cj, 

i  ’  M^O  rpm,  •  I-*-'©.  J3{L  »  hiZ)\ 

i  fe9IO  rpm.  4^**-  1*^0*  3?  CL  «  A). 

m 

Ch*ngr  of  «iroke  and  tube  dtumcter; 

Cp  Tj.  .  i-^0.  33;  C^.  Tj.  -  1  —  0.92 

(tm«li  change  m  bore,  also) 

^1'  ^2'  "  l'*^0*56;  C^.  4fj^  -  1  '1.70. 

Thete  rcautt*  indicate  that  reducing  L  to  A/2  is  always  desirable, 
and  that  the  effect  of  various  changes  is  in  accordance  with  intuition.  The 
quantitative  results  are  of  sorr.e  interest  but  cannot  safely  be  extrapolated, 
for  a  variety  of  reasons.  For  instance,  ahock  attenuation  limits  the  degree 
to  which  stronger  shocKs  can  be  obtained  by  decreasing  tube  diameter.  Ad¬ 
ditional  experimental  work  will  be  required  to  develop  equipment  capable  of 
heating  gases  to  high  temperatures  by  means  of  strong  periodic  shocks. 

Periodic  shocks  arc  of  interest  as  a  method  of  healing  gases  and 
causing  chemical  reactions  to  occur.  In  this  connection,  it  is  important  to 
have  control  of  the  peak  gas  temperature,  its  duration,  and  the  cooling  rate. 
By  the  use  of  certain  valv.ng  arrangements,  it  has  been  possible  to  modify 
somewhat  the  wave  shapes  which  are  generated  in  the  tube.  Some  of  these 
modified  wave  shapes  seem  more  suitable  for  chemical  work,  and  this  in¬ 
vestigation  is  being  continued. 

The  work  described  above  was  supported  by  the  Air  Force  Cambridge 
Research  Center,  Bedford  ,  Mass. 
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on  THE  EFFECT  OF  ATTENUATION 
OH  GAS  DYNAMIC  MEASUREMENTS  MADE  IM  SHOCK  TUBES 

P  H.  Roi€  *ft«i  W  He  lion 
Avco  Rcicarch  Laboratory 


INTRODOCTIOH 


The  phenomenon  of  »hock,  attenyiation  in  fhock  lobei  h**  been 
ooicrved  tincc  the  earliest  ui«  of  thii  inilrument  aa  an  experimental  tool. 
Many  invettigalori  .have  commented  on  the  ihock  velocity  hiiiorici  they  have 
obaerved  and  a  number  of  theoretical  attacks  have  been  made  on  the  problem. 
In  general  it  haa  been  found  that  immedir-tely  adjacent  to  the  d'lphragm  the 
shock  wave  accelerates.  In  a  distance  of  approximately  30  tube  diameters 
this  acceleration  diminishes  and  becomes  a  deceleration  and  the  shock  veloc¬ 
ity  starts  to  decrease  in  a  more  or  less  monatomic  manner.  It  is  generally 
I  considered  that  the  initial  or  buildup  pha^e  involves  the  formation  of  the 

sharp  shock  front  out  of  the  pressure  waves  generated  by  the  diaphragm 
opening.  The  second  or  attenuation  phase  is  thought  to  be  due  to  viscous 
and  thermal  losses  to  the  shock  tube  walls. 

An  accurate  description  is  very  sensitive  to  the  particular  con¬ 
ditions  of  an  experiment.  Both  phases  of  the  shock  velocity  history  are  ef¬ 
fected  by  the  pressure  level  of  the  experiment,  the  enthalpy  or  tempierature 
of  the  gases  and  the  size  or  geometry  of  the  shock  tube.  For  instance,  at 
very  low  initial  pressures  the  second  phase  may  be  almost  non-existent  in 
some  shock  tubes  whereas  in  other  situations  the  build-up  time  is  not  mea¬ 
surable  and  the  shock  wave  appears  to  decelerate  right  from  the  diaphragm 
on.  Because  shock  velocity  variations  may  significantly  affect  the  condition 
of  the  shock  heated  gases,  the  region  of  interest  and  applicability  of  results 
collected  under  these  conditions  must  be  defined  carefully. 

In  this  paper  we  will  be  particularly  concerned  with  relatively 
strong  shock  waves  and  high  enthalpies  (or  temperatures)  and  the  associated 
i  conditions  which  are  not  describable  from  ideal  gas  behavior.  Unfortunately 

the  shock  tube  is  inherently  limited  by  the  structural  capabilities  of  the  driver 
chamber  and  in  practice  we  must  be  satisfied  more  or  less  with  intermediate 
shock  velocities,  such  as  6-10  times  the  speed  of  sound  at  initial  pressures 
of  the  order  of  one  atmosphere.  At  lower  initial  pressures,  say  one  hundredth 
{  of  an  atmosphere,  shock  velocities  of  the  order  of  15  to  20  times  the  speed  of 

f  sound  will  be  considerea.  The  limiting  shocK  velocities  of  a  shock  tube  whose 

I  driver  is  capable  of  pressures  of  10,000  psi  after  combustion*  are  shown  in 

j.  Fig.  1. 

I'  We  will  restrict  our  considerations  to  air  as  the  driven  or  low 

;  pte  -sure  gas,  and  will  consider  only  effects  on  the  shock  compressed  gas 

I  region.  The  analysis  and  techniques  discussed  are,  of  course,  applicable 

I  to  other  gases  and  have  been  applied  to  argon. 

I  '^Combustion  of  oxygenT  hydrogen  and  helium  is  the  driver  technique  employed 

I  in  all  the  experiments  described. 


I 


1 

'ifi.  • 


f 

i 


f 


Thm  tb«©r€tic«l  trc«ini«fiii  oi  tli«  pr©bl#-*n  ef  thock  alientuatiofi, 
which  h»v«  fe^en  ptililiflie4  to  dit«f,  t«ck  ilit  generjilil-f  to  m*k«  them  upplic- 
iibl«  over  *  wide  enoo|ii  rituge  lo  cover  the  condition*  of  mtert»t.  Among 
lh«.  theorelical  «ryily*c*,  the  work  ©(  Trimpi*  and  deierve*  ipectnl 

mention,  Theie  ttieorciical  c*lc«ltli©n«  *r#  apperently  qoitc  repreeentitive 
of  the  oh*«rve4  «ileno*tion  «t  low  shock  velocifit*  C»fid  dtaphragm  prc*»ure 
ratio*)  hilt  are  not  readily  extendable  lo  predict  attenuation  in  the  regsoti  of 
intcreit  in  thi*  paper. 

Short  of  tolviiig  the  ihock  attenuation  problem  analytically,  and 
thereby  defining  the  »nvi#cid  flow  condition*  in  the  »bock  comprc«*ed  air 
region,  we  have  attempted  to  u.*e  experimentally  meaiared  condition*  behind 
attenuating  ihock  wave*  to  gain  a  more  detailed  knowledge  alKiut  these  non- 
tdeal  flow*.  Once  the  variations  in  the  flow  condilion*  are  e»hiibH«hed,  we 
are  able  to  predict  the  effect*  of  thete  deviation*  from  the  ideal  on  other 
physical  mea*urement«.  such  as  heat  transfer*”’  flow  geometry,  radiation*, 
or  relaxation  proceises’,  which  have  been  reported  in  the  literature. 

THEORY  AMD  AHAhYSlS 

When  the  diaphragm  in  a  shock  tube  is  ruptured,  finite  relative 
velocities  are  achieved  between  the  fluid  and  the  shock  tube  walls.  The  proc¬ 
esses  are  frequently  viewed  in  several  corrdinate  systems,  such  as  the 
laboratory  fixed  system  or  shock  wave  fixed  system.  In  either  view  point,  a 
boundary  layer  will  be  created  between  the  inviscid  flow  and  the  shock  tube 
wall  with  subsequent  exchange  of  frictional  and  thermal  energy.  If  we  con¬ 
sider  strong  shock  waves  only  then  the  heat  capacities  and  the  temperatures 
of  the  wall  and  of  the  shock  heated  gases  will  always  be  such,  as  to  cause  a 
heat  flov/  from  the  gas  to  the  "relatively  cold"  wall.  The  shock  heated  gas 
consequently  loses  energy  due  to  both  the  viscous  and  thermal  transport  and 
the  attenuation  phenomena  is  created.  Theoretical  analysis  necessarily  in¬ 
volves  a  boundary  layer  calculation  for  the  system  as  a  function  of  time. 
Because  of  the  various  types  of  flow  generated  in  a  shock  tube  system,  the 
several  boundary  layer  problems  can  be  considered  separately.  In  the  shock 
heated  region  the  boundary  layer  history  is  analogous  to  the  boundary  layer 
growth  behind  a  moving  normal  shock  passing  over  a  stationary  flat  plate  in 
air  initially  at  rest.  This  type  of  boundary  layer  has  been  considered  by 
Mirels  ~  for  an  ideal  gas  with  V~  1.4.  Mirels  also  considered  the  contri¬ 
butions  to  the  attenuation  of  the  other  boundary  layer  in  the  system,  namely, 
the  driver  gas  boundary  layer*.  In  Mirels  analysis,  which  extends  up  to  shock 
strengths  of  six,  it  was  shown  that  the  driver  gas  contribution  to  attenuation 
decreases  with  increasing  shock  strength  and  is  very  small  at  shock  strengths 
of  Mach  6.  This  point  can  be  made  from  a  physical  argument  because  the 
wave  geometry  is  such,  that  it  is  increasingly  more  difficult  for  waves  created 
in  the  driver  gas  to  catch  up  with  the  incident  shock.  Also,  the  driver  gas  re¬ 
quirements  are  such  that  the  acoustic  impedance  at  the  interface  becomes 
more  mismatched  and  consequently  waves  will  not  be  transmitted  efficiently 
from  the  driver  to  the  driven  gas.  It  appears  reasonable  therefore  to  restrict 
our  considerations  to  the  shock  heated  air  region  only.  Experimental  evidence 
to  be  discussed  later  supports  this  view  as  well. 


-  134  - 


t 


it 


'•'"fniiTr  ffiriiTifi'r.ifnrijiw'i 


j 


The  approach  of  Mir«l*  to  iht  attenuation  problem*  %» 

to  u«c  the  folutioni  for  the  boundary  layer  problem*"*  to  evaluate  the  verti¬ 
cal  or  in-now»  velocity  at  the  edge  of  the  boundary  layer.  Thit  information 
it  uicd  in  the  form  of  atnk  terme  aa  boundary  conditions  in  a  one -dimension¬ 
al  characteristic  calculation  for  a  constant  area,  isentropic  channel  flow,  Al- 
through  this  solution  appears  to  be  among  the  best  analytical  treatments  of  the 
subject  of  attenuation,  there  are  several  points  which  must  be  raised  in  con¬ 
nection  with  its  use  in  the  present  problem.  Obviously  the  use  of  ideal  gas 
relationships  is  erroneous  at  the  shock  velocities  of  Interest,  i.e.  ,  above 
SIX  times  the  speed  of  sound.  Secondly,  the  boundary  layer  thickness  can¬ 
not  be  neglected  for  all  conditions,  in  fact,  in  some  shock  tube  applications 
tWi  may  be  one  of  the  dominant  elfcets  in  determining  useful  flow  times** 

It  may  be  possible  that  the  method  of  Mirels  can  be  extended  to  include  this 
effect  by  introducing  a  term  to  represent  the  effective  area  change  into  the 
characteristic  equations.  This  term  is  essentially  the  displacement  thick¬ 
ness  of  the  boundary  layer.  Thirdly,  experimental  work  in  turbulent  boundary 
layers  under  the  high  degree  of  waiU  cooling  indicates  that  the  reference  tem¬ 
perature  method  employed  by  Mirels  is  not  representative  of  the  situation*. 

Recognizing  the  shortcomings  of  the  analysis  we  will  nevertheless 
compare  the  calculated  attenuation  to  the  experimental  data.  Such  a  compari¬ 
son  is  made  in  Fig.  2  In  using  the  Mirels  analysis,  the  flow  conditions  from 
real  gas  calculations  **  are  used.  This  implies  the  belief  that  the  functional 
presentation  of  the  analysis  will  not  be  greatly  altered  by  the  real  gas  proper¬ 
ties  and  consequently  some  improvement  is  derived  from  the  use  of  the  proper 
physical  conditions. 

In  general,  the  amount  of  attenuation  measured  is  somewhat  in 
excess  of  the  predicted  magnitudes.  This  comparison  is  dependent  on  an  as¬ 
sumption  about  the  shock  velocity  history  near  the  diaphragm.  For  a  number 
of  tube  diameters  downstream  of  the  diaphragm,  the  shock  wave  is  still  in 
the  formative  stage,  and  it  is  actually  accelerating  under  many  conditions. 

The  attenuating  mechanism  is  a  second  order  effect  in  these  cases  and  con¬ 
sequently  the  analysis  cannot  be  expected  to  yield  meaningful  results.  In 
order  to  cope  with  this  difficulty  several  different  assumptions  can  be  tried. 

One  approach  would  be  to  extrapolate  the  monatomic  portion  of  the  shock 
velocity  history  back  to  the  diaphragm.  Another  method  would  be  to  use  only 
the  monatomic  attenuation  curve  as  the  effective  shock  tube  length  and  locate 
a  new  origin  or  effective  diaphragm  location  at  some  point.  A  third  method 
would  involve  theoretically  predicting  the  shock  strength  at  the  diaphragm 
from  the  driver  gas  conditions,  using  empirical  corrections  if  necessary. 
Finally,  it  may  be  possible  to  add  the  two  effects,  i.  e.  ,  the  formation  of  the 
shock  wave  and  the  dissipation  of  the  gas  energy,  in  a  more  complex  analysis. 

In  comparing  the  predicted  and  measured  velocity  histories,  the 
boundary  layer  in  the  shock  heated  gases  is  assumed  to  be  turbulent.  This 
assumption  has  recently  received  some  attention  from  several  investigators**”*®. 

’’‘The  mass  flow  is  always  into  the  boundary  layer  in  the  cases  considered 
because  for  strong  shocks  in  the  shock  tube  the  displacement  thickness  of  the 
boundary  layer  is  negative. 


Another  analytical  approach  it  worth  mentioning.  An  invcrte 
method  wat  attempted,  t.  e.  .  starting  with  a  ihock  wave  of  a  given  amount 
of  attenuation.  The  flow  conditiona  in  the  domain  of  dependence  can  be  cal¬ 
culated  from  a  ch-tracteriatic  calculation  which  can  be  modified  to  include 
the  real  gaa  effecla.  The  resulti  from  thia  approach  were  in  diiagreement 
with  the  observed  facts  because  the  pressure  calculated  at  a  given  station 
fell  by  a  factor  of  two  or  more  during  the  test  time.  This  pressure  has  been 
observed  to  remain  essentially  constant  (see  Fig.  5), 

Reflection  about  the  implied  significance  of  this  calculation  yields 
the  fart  that  the  method  implies  that  all  the  attenuation  is  caused  by  the  driver 
gases.  In  the  hot,  shock  compressed  gas  region  the  waves  merely  interat.t 
conservatively  and  no  loss  mechanism  is  provided  by  tliis  type  of  analysis. 
Consequently,  the  expansion  waves*,  particularly  in  that  part  of  the  test  gas 
which  is  near  the  interface,  must  be  stronger  in  this  calculation  than  in  a 
case  where  additional  expansions  are  created  by  the  losses  to  the  walls.  The 
comparison  is  made  for  the  same  attenuation,  i.e.  ,  the  expansion  waves  ar¬ 
rive  at  the  shock  wave  with  the  same  strength.  This  qualitative  explanation 
accounts  at  the  shock  wave  with  the  same  strength.  This  qualitative  explana¬ 
tion  accounts  for  the  trend  of  the  calculations,  and  a  more  complete  model 
would  modify  the  result  in  the  direction  toward  better  agreement  with  the 
experimental  evidence. 

The  inverse  method  could  be  improved  by  including  the  effects  of 
channel  area  change.  If  the  channel  area  were  varied  at  every  point  in  space 
and  time  in  accordance  with  the  calculated  boundary  layer  displacement  thick¬ 
ness,  the  interactions  would  be  more  properly  accounted  for.  This  is  an  ex¬ 
tremely  tedious  calculation  and  has  not  been  performed. 


EXPERIMENTS 


Because  of  the  difficulties  encountered  with  the  theoretical  anal¬ 
ysis  of  attenuation,  it  was  decided  to  attempt  an  experimental  approach.  It 
was  hoped  that  this  investigation  would  serve  to  specify  limits  of  applicability 
of  data  collected  under  non-ideal  shock  tube  conditions.  Basically,  the  pro¬ 
gram  consisted  of  making  sufficient  quantitative  measurements  so  that  the 
state  of  the  gas  was  determined  at  each  point  in  space  and  time,  regardless 
of  the  shock  velocity  measurement.  The  measurements  chosen  for  this  pur¬ 
pose  were  pressure  and  density,  from  piezo -electric  transducers  and  X-ray 
absorption,  respectively.  The  two  simultaneous  measurements  used  in  con¬ 
junction  with  the  equilibrium  properties  of  air,  specify  the  conditions  exist¬ 
ing  in  the  shock  tube  flow. 

Quantitative  measurements  in  the  hot  gas  flow  required  some  at¬ 
tention  to  the  state  of  the  art  of  these  measurements.  For  pressure  measure¬ 
ments,  piezo-electrics  have  commonly  been  employed  in  shock  tubes.  Com¬ 
mercially  produced  instruments  are  available,  but  they  have  limited  frequen¬ 
cy  response.  Amont  the  most  successful  instruments  appears  to  be  the  SLM 
transducer,  marketed  by  the  Kistler  Instrument  Corporation,  which  has  a 

^Expansion  waves  in  the  hot,  shock  compressed  gases  cause  attenuation  of 
the  shock  strength. 
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^  e»p«riment  the  3C-r*y  turn  emit*  i.  n*rrQw  bmm  ©f 

X-r*y»  iicrott  *  i«o-«l4m€fi«iss»ft*l  »ltock  tube,  0»  tb#  opp©*it#  aide 

of  Ae  fob*,  lb#  X-r*y  beam  la  incident  on  m  «cintjUation  detector*  The  nombcr 
of  X -ray#  renching  the  detector  wili  he  a  fttnction  of  the  inierpoied  pariicic 
denaitf.  The  owtpnt  of  the  detector  can  be  obterved  by  a  photomoitiplier,  A 
i^icaJ  sacillsgram  from  the  pbotofn«lt.ipl-ier  owtput  i#  thown  m  the  lo»er  part 
o.  Fig.  7,^  In  order  to  inax.im.iae  the  mcaiormg  accuracy  the  oicitloicope 
^a#e  *me  for  tran#fnl##isnji#  dn^*en  off  acale  by  a  high  freotiewcy  aooare 

wave  of  calibrated  voltage.  The  ba»c  line,  right  after  the  ttart  of  the  otcil- 

teacc,  ^  repreaenti  the  abforptian  of  X-rayi  by  the  imtial  air  pre#iur«, 
The  oiicoKiimiity  after  150  pt,  «cc  ihow#  the  arrival  of  the  thock  wave  at  the 
X-ray  beam  and  the ^ continuation  of  the  aignal  after  than  time  give#  the  deit- 
aity  hiatory  of  the  shock  Heated  gaaea,  fn  this  oacillogram  the  denaiiy  junfip 
repreaenia  a  change  in  abaorption  of  about  20%.  '  ‘  ^  ' 


hCoat  of  the  fTteasorementa  were  made  in  a  1  —  1/2*^  diameter  shock 
tube,  approximately  18  feet  long.  At  the  downstream  end  of  the  tube  the  croaa 
lection  wa«  changed  from  round  to  square  by  a  alow,  conatant  area  transition 
aection  about  a  foot  long.  The  X-ray  equipment  waa  mounted  in  the  aquare 
aection,  several  feet  downatream  of  the  transition.  Prcvdoua  achlieren  atudiea 
indicated  that  the  transition  does  not  introduce  any  measurable  disturbances, 

The  range  of  initial  pressures  of  40  cm  of  Hg  to  1  cm  of  Hg  waa 
investigated.  In  each  experiment,  shock  velocity  history,  pressure  and  den¬ 
sity  data  were  recorded.  (Density  data  waa  obtained  in  the  pressure  range 
of  10-40  cm  only  because  the  aluminum  anode  X-ray  tube  development  waa 
not  completed  at  this  time).  The  shock  velocity  varied  with  pres  sure  level  as 
the  driver  condition#  were  maintained  approximately  constant  (2000  psi,  O  -H 
with  75%  He  dilution).  The  shock  velocities  are  representative  of  the  high^  ^ 
velocity  range  accessible  by  the  chemical  drivers,  see  Fig.  1. 

RESULTS 


Other  investigations  ^  ^  have  found  the  static  pressure  to  be  es¬ 
sentially  constant  at  a  given  station  in  a  shock  tube  even  behind  attenuating 
shock  waves.  Closer  investigation  indicates  this  to  be  a  good  approximation 
oyer  a  considerable  range  of  conditions.  Figure  5  showed  the  static  pressure 
history  behind  the  moving  normal  shocks  for  several  pressure  levels  and  Mach 
numbers.  The  maximum  deviation  from  constant  pressure  measured  in  the 
^ock  compressed  gas  r^ion  is  about  10%.  (Half  the  theoretical  testing  time, 
Y ,  calculated  from  the  Mach  number  at  the  pressure  gage,  is  a  rule  of  thumb 
for  the  proper  testing  time(°),) 

As  postulated  by  the  analytical  considerations  of  Mirels  described 
in  the  previous  section,  the  shock  compressed  gas  should  behave  isentropically 
except  in  the  boundary  layer.  In  the  analysis  difficulties  arose  from  the  un¬ 
certainties  in  writing  the  continuity  equation  for  this  isentropic  flow  because 
both  the  mass  and  the  channel  area  were  changing.  Once  the  static  pressure 
has  been  determined  at  a  desired  station,  however,  one  can  follow  the  particle 
lustory  by  expanding  isentropically  from  the  point  at  which  a  particle  traversed 
the  incident  normal  shock  to  the  measured  pressure  at  the  downstream  station. 


In  otiMsr  word*,  with  om  direct,  quaniiii-tive  meitfur-efitenl  ©f  a  pr©p«rty  ©f 
th«  i.«, ,  the  pre**ur«,  in  addition  to  tht  uanally  meaaored  velocity 

hiatory  of  the  Incident  ihock  wave,  th*  tt*t«  of  the  iaentrapic  or  inviacid  part 
of  the  ihock  tnhe  flow  can  be  determined. 

Becawae  of  the  lack  of  accaracy  of  ahock  tube  praaaure  meature* 
mantf,  another  property  of  the  shock  compreaaed  gaa,  the  density,  waa  mea- 
aured.  This  additional  mcmaurcment  ovcrapccifiei  the  gaa  atat©  and  actvea 
aa  a  ccaivement  check.  From  the  two  previoualy  described  meaaurementa, 
lha  density  variation  could  have  been  determined.  Of  course,  the  ctmverte 
also  is  true,  i.e.,  the  pressure  can  be  determined  from  the  density  measure¬ 
ments  together  with  the  shock  velocity  hiatory  in  an  analogous  manner.  In  a 
typical  ejcperimcnt,  if  we  assume  that  a  ctmatant  preature  was  measured,  then 
a  '♦particle  isentropic”  flow  will  rec|ulre  that  the  denaity  be  falllmg  with  time. 
This  is,  of  course,  eaactly  as  was  measured  by  the  X-ray  technique,  as  shown 
in  Fig.  7. 


The  accuracy  to  which  the  above  description  is  followed  can  be 
judged  from  a  specific  example  in  which  the  simultaneous  measurements  were 
made.  The  two  presaure  measurements  and  the  X-ray  oscillogram,  described 
in  the  previous  section  and  shown  in  Fig.  7,  represent  such  a  set  of  data.  In 
addition  the  incident  shock  wave  velocity  variation,  shown  in  Fig,  8,  was  mea¬ 
sured  in  this  experiment.  For  this  analysis,  the  MoUier  diagram,  Fig,  9,  is 
helpful  and  instructive.  Line  A-B  represents  the  locus  of  conditions  tlmt  the 
successive  particles  in  the  shock  tube  attained  as  they  pasted  ttirough  the  in¬ 
cident  normal  shock.  As  discussed  previously  about  one  hadf  of  the  shock 
compressed  gas  is  lost  due  to  interface  mixing.  Thia  reduces  the  usuable 
test  gas  to  the  particles  which  passed  through  shock  waves  of  the  strength  lying 
between  points  A  and  C.  At  a  point  of  interest  in  the  shock  tube,  in  this  case, 
the  point  A,  the  pressure  and  density  histories  shown  in  Fig.  7  were  measured. 
These  oscillograms  are  reduced  to  pressure  and  density  in  Fig,  10,  These 
pressures  locate  points  on  the  MoUier  Diagram  if  the  particles  and  conse¬ 
quently  their  entropy  levels  can  be  identified.  This  can  be  accomplished  by 
iteration,  starting  with  the  density  at  the  value  represented  by  point  A.  Re¬ 
peating  this  process  at  small  intervals  of  time,  the  points  which  comprise 
line  A-D  are  found.  The  conditions  represented  by  these  points  are  the  con¬ 
secutive  states  of  the  shock  heated  gases  as  they  pass  point  A  in  the  shock 
tube,  where  the  density  and  pressures  were  measured.  Analogously  the  den- 
iity’  variations  measured  by  the  X-ray  instrumentation  can  be  used  to  con¬ 
struct  line  A-D',  The  agreement  between  lines  A-D  and  A-O'  indicates  the 
degree  of  imeertainty  in  these  measurements. 

After  conditions  have  been  determined  in  this  manner,  they  can 
be  used  to  calculate  the  resiiltant  effects  on  other  physical  measurements, 
IdeaUy,  the  pressure  and  density  should  be  measured  in  every  experiment 
and  the  analysis  outlined  in  the  previous  paragraphs  followed.  A  much  simpli¬ 
fied  approximation  consists  of  using  the  facts  that  the  static  pressure  mea¬ 
surements  indicate  approximately  coastai;:  values,  and  that  the  more  detailed 
measurements  and  analysis  confirm  this  fact  to  be  consistent  with  other  inde¬ 
pendent  information.  In  the  approximate  calculation  the  pressure  is  assumed 
to  be  constant  and  the  properties  are  calculated  from  the  particle  isentropic 
assumption.  In  this  way  general  results, can  be  established  and  effects  can  be 
evaluated  without  detailed  measurements. 
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iHiiJ  iv|»s  *Jc ula I !!;>.»  ior  «e'V«r*l  4iv«r*«  a«t 

syp»c»l  nhSfck  tube  ^p€TMUn§  conrfiii^wt  arc  •hawn  ini*igi,  11  IE.  Tl»c 
lift*  icale  it  plolt«4  »«  ferm*  of  ih*  thsek  veiaciiy  »t  which  the  parliclt  lr*v* 
cri«4  the  normal  •hock  wMve,  maktof  the  curw#  mitpeoeleiit  &(  y«l&city 
htfiory.  The  veloctiy  htitory  of  the  «hock  t»  the  only  meaioremeftt  reqttired 
to  apply  the  coryei  to  a  jiveo  sitwiitiofi*  The  velocity  hlilory  over  the  latter 
half  of  the  fhock  tuhe  only  *»  »igmficanl  due  to  the  lo*f  of  tettiisg  time  doe  to 
mixmi  (again  attorned  to  he  I/E  of  l«»l  ume.  d.  The  general  character  of 
the  corvet  jt  the  tame  for  all  the  coniitiona  Invettigated.  The  lieneity  ratio 
/./►  decreaiet  while  the  temperature  and  velocity  raliof  increate  with 
It  me  for  dtiiaiicc)  behind  the  normal  ihock.  Under  the  rettrictionf  which 
have  generally  been  practiced  at  the  Avco  Retearch  Laboratory  (10%  attenoa- 
non  ailo%vabl«*at  high  thock  vfclocities  and  E0%  attenuation  at  low  »hock  veloc- 
ttie»)  these  char4gcf  can  be  a*  large  aa  10%. 


The  effect*  of  the*e  change*  in  the  flow  condition*  on  a  few  physi¬ 
cal  mcaaurement*  will  now  be  contidered.  The  laminar  heat  transfer  at  the 
itagnation  point  of  a  blunt  body  can  be  shown  to  be  approximately  proportional 
to  the  ttagnation  enthalpy,  the  itagfiation  presiure  to  the  three-ciuarter  power, 
and  the  stagnation  density  to  the  minu*  one-quarter  powerl  ■"  TM*  product 

has  been  calculated  with  the  result*  shown  in  Figs.  II  and  12,  The  affect  of 
attenuation  i*  shown  to  be  an  upward  trend  in  the  heat  transfer  amounting  to 
as  much  as  20%  under  the  stated  conditions,  lor  turbulent  heat  transfer  mea¬ 
surements,  the  rates  can  be  shown  to  be  proportional  to  the  stagnation  enthalpy, 
the  density  and  velocity  of  the  eighi-tenth  power,  and  the  viscosity  to  the  two- 
tenth  power(7).  The  resultant  variations  of  this  product  is  also  shown  on 
Figs.  11  and  12,  The  effect  of  attenuation  on  the  turbulent  heat  transfer  mea¬ 
surements  is  apparently  somewhat  smaller  than  it  was  oh  the  laminar  mea¬ 
surements.  Some  typical  variations  of  measured  heat  transfer  are  evident 
from  the  oscillograms  shown  in  Fig.  13*.  Figure  13a  shows  a  stagnation 
point  heat  transfer  record  while  Fig,  13b  is  an  oscillogram  from  a  turbulent 
heat  transfer  experiment.  The  upward  trend  of  both  measurements  are  clear¬ 
ly  shown. 


It  was  shown  in  Ref  (8)  that  the  emitted  radiation  from  air  in  the 
region  of  6000 'K  and  approximately  normal  sea  level  density  varies  approxi¬ 
mately  as  ttie  tenth  power  of  the  temperature  and  the  first  power  of  the  den¬ 
sity.  Consequently  one  would  expect  a  variation  of  the  emitted  radiation  both 
along  the  length  of  a  shock  tube,  and  with  time  at  a  given  station  along  the  ,  ' 

shock  tube.  Such  variations  in  radiation  have  been  observed  with  photomul-  | 

tipliers.  Figure  14  is  an  oscillogram  showing  the  output  from  a,  number  of  j 

slits  along  the  aft  portion  of  the  length  of  a  shock  tube,  all  fed  into  a  smrrle  * 

photomultiplier.  The  radiation  at  each  station  can  be  seen  to  increase  wicii  j 

time  whereas  at  successive  stations  along  the  length  of  the  tube  the  initial 

radiation  decreases  with  distance.  No  attempt  has  been  made  to  obtain  exact  J 

quantitative  results  from  this  data.  The  variations  of  the  flow  conditions  ] 

shown  in  Fig.  11  predict  a  75  to  100  percent  increase  in  the  radioactive  in-  { 

tensity  over  the  testing  time,  T/2.  The  data  indicates  this  effect  quite  clearly.  ,  | 

*The  oscillograms  are  from  calorimeter  heat  transfer  gages  and  consequently  I 

the  instantaneous  heat  transfer  rate  is  directly  proportional  to  the  local  slope.  ^  | 

i 
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e  effects  of  incident  shock  wave  attenuation  on  me  mviscxa 
flow  about  bodies  in  the  shock  tube,  the  shock  detachment  distance  at  the  stag¬ 
nation  point  was  considered.  No  completely  satisfactory  explanations  for  this 
distance  are  available,  but  the  trends  are  well  agreed  upon  by  all  the  theories. 
Van  Dyke  has  published  numerical  results^24)  calculated  for  an  ideal  gas,  i.e.  , 
T  =1,4.  One  approach  is  to  interpret  these  resiilts  in  terms  of  the  density 
ratio  across  the  bow  shock.  Data  taken  in  air  imder  real  gas  conditions 
then  be  compared  to  the  calculated  result  at  the  same  density  ratio^.  Hayes'  i 
has  also  considered  the  detachment  distance  and  developed  an  expansion  m 
terms  of  the  density  ratio,  Thv^  variation  of  the  density  ratio  across  the  normal 
shock  due  to  attenuation  can  be  calculated  from  the  analysis  of  the  previous  sec¬ 
tions,  The  variations  of  the  detachment  distance  measured,  as  well  as  calculat¬ 
ed  from  the  above  theories,  are  shown  in  Fig.  16.  The  data  was  taken  by  ana¬ 
lyzing  schlieren  photographs  taken  at  50-70  ^sec.  intervals,  usually  four  pic¬ 
tures  per  shock  tube  experiment.  Even  though  less  than  half  the  testing  dme 
was  observed,  a  quantitative  agreement  of  the  trend  of  the  data  with  the  trend 
of  the  theories  is  rather  good.  This  observation  is  another  verification  of  the 
method  of  analysis  proposed  in  this  paper. 

In  some  shock  tube  experiments,  when  the  incident  normal  shock 
is  reflected  from  the  closed  end  of  the  tube,  the  reflected  shock  wave  has  been 
observed  to  accelerate  as  it  travels  upstream.  This  trend  can  be  predicted 


*Van  Dyke’s  method  is  a  numerical  calculation  claimed  to  be  usable  at  other 
values  of  ^  and  better  results  should  be  obtainable  this  way. 
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and  vclocity"behi'ra*v^T*i'i  f  ***'  *"?  '"create  in  temperature 

.hock  veToci"" Theobterved  r«nect°f 

methnrf  nfk«'  ^  **  *-®tt»idcr*b.y  more  tlmn  predicted  i>y  the  ©re***»f 
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CONCLUSIONS 


ticularly  from  the*'poinro?L*i^w^5  coosidered.  ptr« 

««rement«  which  have  been  g**  dynamic  me*. 
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Figure  2  Effect  of  attenuation  on  shock  detachment  distance  for 
a  hemisphere-cylinder. 
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Fig. 


3. 


Transition  Reynolds  number  measured  on  the  side  wall 
of  a  shock  tube  by  thin  film  heat  transfer  gages. 
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Fig.  4.  Laminar  boundary  layer  heat  transfer  measurements  on 
the  side  wall  of  a  square  shock  tube  compared  to  theory 
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Fig.  5.  Typical  static  pressure  histories  behind  strong  moving 
shock  waves.  Attenuation  is  given  by  Mach  number 
and  corresponding  pressure  ratio  ranges. 
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PRESSURE  OSCILLOGRAM 
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Fig.  6.  OsciUogram  from  homemade  (ARL)  pressure  transducers 
showing  details  of  rise  time  and  ringing. 
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PRESSURE  AND  DENSITY  HISTORIES 
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Fig.  7.  Oscillograms  from  simultaneous  pressure  and  density 
measurements  behind  an  attenuating  shock  wave. 
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Fig.  8. 


Incident  shock  velocity  history  measurements  for 
attenuating  shock  wave  under  consideration  (Fig.  7). 
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Schematic  Mollier  diagram  represen 
conditions  with  data  from  pressure  j 
ments  (Figs.  7  and  8)  superimposed, 
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Fig.  10.  Pressure  and  density  variations  from 


oscillograms  in  Fig.  7. 
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PARTICLE  SHOCK  VELOCITY 


Variations  in  the  physical  properties  of  the  flow  behind  a 
typical  attenuating  strong  shock  wave  at  low  initial  density 
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PARTICLE  SHOCK  VELOCITY 


Fig.  12.  Variation  in  the  physical  properties  of  the  flow  behind 
a  typical  attenuating  moderate  strength  shock  wave  at 
high  initial  density. 
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Heat  transfer  measurements  by  the  calorimeter  technique. 
(A  steady  slope  implies  a  constant  rate).  Note  the  rise 
of  both  the  slopes  with  time. 
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Fig.  14.  Radiation  from  shock  compressed  air  behind  an  attenuating 
strong  shock.  Slits  at  four  stations'  observe  the  radiation 
history  as  the  hot  gas  flows  by.  Note  the  increasing  trend 
at  each  station  with  time  but  the  decreasing  trend  from 
station  to  station. 
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Fig.  15.  Vacuum  ultraviolet  measurement  of  oxygen  dissociation 
time  in  an  oxygen  argon  mixture.  Note  the  level  j^ortion 
in  each  picture  which  gets  longer  as  the  temperature 
decreases.  This  apparent  "incubation  time  v.'as  explained 
to  be  due  to  the  lower  temperature  immediately  behind  the 
shock  wave  down  stream  due  to  attenuation.  Effectively 
each  particle  relaxes  according  to  its  own  temperature 
history  and  consequently  the  relaxation  process  is  faster 
the  further  away  the  particle  is  from  the  incident  shock 
wave. 
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Figure  16 


(4) 

Shock  velocity  history  predicted  from  Mirels 
compared  to  typical  data. 


-  160  - 


GUKE&ATIQH  OF  FRESSURi:  WAYE  FORj^S 

THROUCgl  THE  DETONATION  OF  EXPLOSIVE  CHA&GIS 

Dr.  T.  K.  Scbiffman,  D.  Andcr»cra,  G,  T*aatxo« 
Armour  Reiemrch  Foundation 


INTRODUCTION 


This  •tudy  Inveitigate*  the  general  behavior  of  ehock  iravei 
generated  through  the  detonation  of  high  exploeive  chargea.  The  analyaia 
in  particular  ia  concerned  with  one  dimenaional  flow,  that  ia  ahock  wavea 
propagating  down  a  unit  croaa-aectional  area  channel.  It  ia  alao  limited 
to  ahock  wavea  with  ahock  front  ovcrprcaaurea,  (i.e. ,  preaaurcs  immediate¬ 
ly  behind  the  shock  front)  of  ten  atmoapherea  or  below.  With  theae  limita 
and  reatrictiona  it  ia  seen  that  this  atudy  confines  itself  to  ahock  waves  which 
may  feasibly  be  generated  in  a  ahock  tube. 

The  analyaia  ia  similar  to  that  previously  made  for  calculating 
total  energy  yields  for  atomic  bomba.  1»2*  However,  in  this  case,  because 
of  the  limita  and  restrictions  placed  on  the  atudy  the  end  result  is  different 
and  yields  far  more  information.  The  analysis  leads  to  ahock  strength- 
scaled  distance  and  shock  strength- scaled  time  decay  curves,  where  shock 
strength  is  defined  as  the  shock  front  overpressure  to  ambient  pressure  ratio. 
It  also  yields,  under  the  assumptions  made  considerable  insight  into  the  be¬ 
havior  of  the  gas  flow  variables  behind  an  explosive  generated  shock. 

The  laws  of  conservation  of  mass,  momentum,  energy  govern¬ 
ing  the  flow  are  all  employed  and  satisfied  in  carrying  out  and  completing  the 
analysis. 


With  these  results  an  approximate  method  is  developed  for  gen¬ 
erating  various  desired  pressure  pulses. 

II.  DISCUSSION  OF  THE  PROBLEM 


A  sketch  of  a  typical  distance-time  curve  for  a  shock  wave  propa¬ 
gating  from  a  zero  origin  is  presented  in  Fig.  1.  The  figure  shews  the  shock 
front  distance  R  as  a  function  of  t,  time,  and  also  a  typical  particle  posi¬ 
tion  ri  as  a  function  of  time.  This  figure  will  be  referred  to  periodically 
throughout  the  analysis  for  a  better  understanding  of  the  presentation. 

The  Space  Density  Distribution 

The  study  begins  with  the  assumption  of  a  density  distribution, 
namely  p  (jpq(t) 

-  <*> 


For  all  numbered  references  see  bibliography. 
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Solving  this  equation  for  q  gives 

A 

where  i,  the  ratio  of  deaaitics  across  the  shock  front. 

Space  Particle  Velocity  Distribution 

from  the  orlgSmT^^^coSl r'^Vtiae'SS “■"*  ““  "«•« 

-,(t)  in  Fig.  1).  Tii: 

/)r. 
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/dr.^Rj 


^*iateghtt‘|^iv^;“'^*  *'■'  “•  U»lng  Eq.  1 
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it  combined  with  the  above  equation  to  give 

^  u  _  u  I  dfq  #  1| 

Fr  r  i +  i  dt 

The  aolution  it  readily  obtained  with  the  tubttitution  u  =  ry  and  integrating 
with  retpect  to  r  at  a  fixed  time.  The  eolution  it 

H  - - L*-  la  r  +  ACt| 

r  q  T  l  dl  ^ 

where  A(t)  is  the  conatant  of  integration  which  may  be  function  of  time.  At 
the  shock  front  the  solution  becomes 


where  u  is  the  particle  velocity  at  the  shock  front.  From  this  equation  the 
value  of  A<t|  is  evaluated,  and  the  final  particle  velocity  distributimi  may  be 
expressed  as 


u  =  u^  I  -  flC  (t)  In  (^)J 


where 


R  1  d  (q  4  1) 


u^  q  T"r  "dt" 


This  value  of  oc  may  be  simplified  considerably  as  follows 
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Q 

from  the  Rankine-Hugoniot  relation  obtained  from  the  coneervation  of  mail 
acrots  the  shock  front. 


Space  Pressure  Wave  Form 


The  conservation  of  momentum  equation  states 
9P  ^  A  £hi 

wyiniMi.M  m  r  mmmrnm 

3r  '  Ut 

where  P  is  the  absolute  pressure. 

The  space  pressure  wave  form  may  now  be  found  by  considering 
the  following  integral  at  a  fixed  time. 


The  quantities  in  the  integrand  on  the  right  may  be  found  either  directly  or 
derived  from  Eqs,  1  and  3. 


In  forming  the  substantial  derivative  Du/Dt  all  of  the  quantities 
appearing  in  the  expression  for  particle  velocity,  Eq.  3,  are  fjinctions  of  time. 
The  derivative  is  thus  formed  and  combined  with  the  density  expression  to  give 
the  above  integrand.  The  integrand  contains  such  expressions  as 


dr  dR 

w  "ar* 


and 


dec. 

~3r 


which  are  all  rewritten  as  follows. 


“  165  •• 


\ 


f*  Is- 


or  ^ 

U  e 

“t 

1 

-  of  In  ' 

dR 

*  u 

IT 

du 

du  *.* 

u 

d  in  u 

t 

ir 

»  u 

•  , 

dR  1 

1% 

"TTFI 

dcf 

s  u 

do;  ocU 

d  In  oC 

W 

"TU  *  TT  ■ 
oH 

‘r>] 


Wuh  the  integrand  cxprc»*ed  at  a  function  of  r  the  integration 
it  performed  and  the  contunt  of  integration  it  evaluated  at  the  thock  front. 
The  retulting  pretturc  wave  it 


PCr).P 
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K  +  L  In  {-^)  +  M  <^ln 


(4) 


where  P  it  the  abtolute  ambient  pretture,  and  Pj  it  the  abtolute  prea* 
ture  imrnediately  behind  the  thock  front.  The  quantitiet  K,  L,  and  M  arc 


parametert  dependent  on  thock  front  conditiont  only.  Their  valuct  are 
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1  In  R 

The  Total  Shock  Energy 

The  total  shock  energy  yield j 
(1)  the  kinetic  energy,  Ej^,  given  by 

(1/2) dr 


W,  manifests  itself  in  two  forms: 
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Far  !*•«»  int«r»i*l  •arruf  *•  be  n  ftuictlaw  of  »t*ie  only, 

mad  hence  Ibc  inmrnAl  energy  per  umil  volume  cm«  be  erritten  «•  f  P¥,  wlitre 
£  J#  At  ffioet  »  fiytnclion  of  eteie,  end  not  of  proctee*  Here  V  repreiente 
epecific  volnme*  •  •treem  tnlie  of  wwi  croee  eection,  the  epeciflc  volome 

te  numericelly  e^tiel  to  the  length  of  the  tube  cnclofing  m  unit  meet  of  fluid. 
Hence »  the  above  cjcpreeeion  rtpreeentt  the  chatife  in  toiml  ioternel  energy  of 
the  fluid  from  the  origin  to  lhe_  ihock  front.  It  can  he  ehown  from  eiiermo- 
dynamic  con  aide  that  €  *  l/r-  i,  whether  or  not  r',  the  ratio  oi 

apecific  heal#  of  the  fluid,  ii  a  conatant. 


Over  the  range  of  preaeurea  conaidered  in  the  preaent  analytia, 

Y  ia  knOKm  to  he  aubatantially  conatant  at  the  value  1,4;  then  €  *  C  »  5/2, 

o 

Uaing  the  valuta  of  and  u  given  by  Eqa,  I  and  3  reapective* 
ly,  the  integral  for  kinetic  energy  ma^y  be  evaluated  readily.  It  givea 

ZcC 


_  1  «  2  H 

^  Jp^  1-1 

I 


1  + 


aaepie  a  a  ,  OL 

Ym  Ym  ^ 


Likewise ,  employing  Eq-  4  the  integral  for  the  internal  energy  increment  ia 
found  to  be 


1  -  K  + 


K 


zu 


adding  the  two  expreasions  and  using  the  conservation  of  momentum  across 
the  shock  front  to  simplify  the  equation  resulte  in 


w  =  Ek  +  e,  =i(P.-P„)R 
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Equation  5,  as  will  be  shown,  is  a  second-order  differential 
equation.  It  must  be  revised  in  form  in  order  to  be  solved.  Fir  at  the  follow¬ 
ing  are  defined  p 

5  (  shock  strength)  = 
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PR 

(scaled  distance)  *  — 
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Now  with  the  help  of  the  Rankinc-Hwgoniot  relation*  again,  and  the  above 
value*  for  ec,  J,  and  f,  Eq,  5  become* 
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Which  it  of  iecond  order  and  may  now  be  broken  up  into  two  firet-order 
equetiona  as  follows. 
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differential  equations  were  integrated  numerically  on 
the  IBM  650  computer  using  the  Bell  Telephone  Laboratory  LI  interpretive 
routine  and  the  R.C.A.  Laboratory  routine  for  the  solution  of  differential 
equations.  The  results  of  the  integration  are  shown  in  Fig.  2. 

Development  of  a  Time-of-Arrival  Curve 

Until  now  the  analysis  has  been  independent  of  time,  which  has 
thus  far  appeared  only  as  a  parameter.  Now,  by  further  considerations,  a 
shock  strength-scaled  time  curve  will  be  constructed. 
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Fig,  2  Scaled  Distance,  X,  Versus  Shock  Strength, 
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- — — ■-  I*  now  plotted  vereuf  A*  uliowii  in  Ftg.  4.  TW* 
curve  it  extrapolated  back  to  where  X  »  0  to  fmd  *  value  for  tj, 

pet 

With  thi*  value  of  t, ,  ^  vertui  -Jfe-—  i*  plotted  and  it  ahown 

in  ktg,  5.  The  addition  of  this  time-of«arrivmi  curv*  make  §  it  poieible  to 
find,  it  given  value*  for  any  two  of  the  following,  F,  E,  t,  or  W.  the  re- 
nt^ining  two* 

CHARGE  RESULTS  APPLIEO  TO  MULTIFILE 
CHARGE  SYSTEM  FOR  GENERATING  PESIRSD 
iraESSlIRE  PUl^iS .  . . . . 

I”  retrospect  the  reaulta  obtained  in  this  study  specifically  are; 
(If  a  shock  strength-scaled  distance  decay  curve,  (2)  a  shock  strength- scaled 
time  decay  curve,  and  (3)  a  complete  deaeription  a«  to  the  behavior  of  the  gas 
flow  variables  behind  an  explosive  generated  shock  front,  that  is,  under  the 
power  law  density  assumption, 

TP n£lh- Scaled  Distance  Curve 


Tha  first  of  these  results  as  shown  in  Fig.  2  is  considered  in 
good  agreement  with  experimentally  gathered  data.  That  the  theoretical  and 
the  experimental  curves  do  tend  to  separate  for  the  lower  range  of  shock 
strengths  IS  more  than  likely  due  to  the  fact  that  the  assumed  density  distri¬ 
bution  18  less  accurate  for  low  values  of  shock  strength.  These  two  curves 
do  agree  quite  well,  however,  for  shock  strengths  above  two.  This  result 
enables  one  to  calculate  the  conditions  necessary  to  generate  a  desired  shock 
wave.  For  example,  if  the  distance  and  shock  strength  of  a  desired  wave  are 
given,  the  size  of  the  charge  necessary  to  generate  the  wave  may  be  easily 
calculated.  ' 

Shock  Strength-Scaled  Time  Curve 

This  curve,  as  shown  in  Fig,  5,  shows  the  time  decay  history  of 
an  ei^losive  generated  shock  wave.  It  serves  somewhat  the  same  purpose  as 
the  shock  strength-scaled  distance  curve.  With  the  addition  of  this  curve  it 
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Scaled  Distance  Versus  Scaled  Time 


0*01 


OOOOOOO  O  O 

•  ••••••  •  • 

er'COt»>o«n'#<^  ra 


Ti)8a9J)S  ‘1 


173  - 


Fig.  S  Scaled  Time  Versus  Shock  Strength, 


!•  now  pottibie  to  calcuiatc  the  time  of  iimviil  of  «ny  given  thock.  Thit  time 
4ec*>'  hieiory  aUO'  tt*4kei  ii  poteiblt  to  cfclcmute  numericJiliy  tht  dcniity,  par- 
licit  velocity,  «nd  prei»«rc  time  rfiitributiO'i*  behind  »n  exploiivc  gcnented 
thock  wave.  With  time  diaiributiont  «  direct  compartaon  may  b«  made  with 
experimentally  gathered  data. 

Approacimate  Method  Employed  for  Multiple  Charge  Problem 

In  order  that  a  iolulion  for  a  accond  charge  may  be  found,  the 
conditiona  aet  up  by  the  ftrat  charge  muat  be  conaidered.  It  ia  therefore  aa- 
aurmd  that  the  firat  thock  teta  up  a  new  aet  of  average  ambient  conditiona 
given  by  the  eaprcaaiona 


Theae  are  easily  computed  using  the  pieaaurc  and  particle  veloc¬ 
ity  wave  form  solutiona  from  the  single  charge.  The  results  are 
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A  new  average  sound  speed  c  is  defined  by  0  =  0^  (p — ) 
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The  two  charge  problems  may  now  be  solved.  Suppose  a  is 
desired  at  a  distance  Rj,  and  is  to  be  followed  by  a  at  a  distance  ^R^; 
the  charge  weights  Wj  ,  W2  and  the  time  delay  between  the  detonation  of  ^ 
the  two  charges  may  be  found  as  follows: 

Wj  (from  A  versus  ^  plot.  Fig.  2) 

P  ct 

Rj  imply  <|  tj  (from — versus  plot.  Fig.  5) 

F  and  u  ,  (from  above  equations) 
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Solving  for  the  second  charge  weight  gives 


w. 


{ ^  )  f  u  ) 

^2  ^2 


from  which 


^2  “  ^2 


This  gives  the  time  delay  between  detonations 


(6) 


At 


h-h 


(7) 


These  are  the  necessary  parameters  for  generating  the  desired  wave  form. 

It  will  now  be  shown  that  this  method  may  be  expanded  into  a 
solution  for  an  arbitrary  number  of  charges.  The  assumption  is  made  as 
before  that  each  successive  shock  sets  up  a  new  set  of  ambient  conditions. 
For  the  n^b  shock  these  conditions  are: 


1  - 

m 


K 


2M 


(%  +  2)  (7^  +  2) 


P 


n-r 


(8) 


and 


F  1/2 

ilk  fc 


(10) 
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^^ere  the  parameteri  C.  K,  L.  U,  and  c  *re  all  determined  by  the 

fl  #  li  0C  K  If 

UJ  U  'fhc  procedure  contieii  of  treating  and  C,,  R,  a*  de- 

•cribed  above,  thus  obtaining  the  complete  solution  for  generating  waves  one 
and  two.  Next  wave  two  and  wave  three  are  considered.  Thejirocedurc  is 
the  same  with  the  exception  of  the  computation  of  W,  u,  and  c.  They  are 
computed  using  Eqs.  8.  9,  and  10.  Likewise,  any  number  of  charges  may 
be  treated  m  this  manner.  In  the  following  chapter  the  three  desired  wave 
forms  are  constructed  using  this  procedure.  The  form  of  the  solution  will 
e  more  explicitly  defined  as  these  individual  cases  are  treated. 

Reliability  of  the  Approximate  Solution 

There  are  several  errors  introduced  by  the  use  of  this  approxi¬ 
mation  solution,  however  each  error  is  in  itself  compensating  or  has  a  cor- 
responding  compensating  error.  The  errors  are; 

(1)  An  average  u  is  used  instead  of  its  actual  value  at 
a  particular  point. 

(2)  An  average  F  is  used  instead  of  its  actual  value  at 
a  particular  point. 

{3)  The  above  are  computed  by  assuming  the  shock,  which 
sets  up  the  new  ambient  conditions,  is  at  its  desired 
strength  and  position. 

(a)  This  results  in  a  lower  F  than  is  actually  seen 
by  the  shock  wave  following,  and  thus  giving  the 
new  shock  wave  a  higher  shock  velocity  than  it 
actually  has. 

also  results  in  a  lower  u  than  is  actually 
the  case. 

It  is  apparent  that  (1)  and  (2),  being  averages,  are  nearly  self- 
compensating,  but  they  are  not  entirely  self-compensating  because  they  are 
average  values  over  the  entire  shock  wave  where  as  the  new  shock  travels 
only  a  fraction  of  this  distance. 

This  implies  the  P  and  u  computed  are  too  high,  giving  the 
new  shock  wave  a  lower  computed  velocity  th.an  it  actually  has,  but  the  cor¬ 
respondingly  high  u  compensates.  Similarly  (3a)  and  (3b)  compensate  for 
each^other.  Although  the  errors  introduced  by  this  approximation  method  com- 
peng«.i,e  ..or  each  other,  there  is  no  guarantee  that  the  balance  is  perfect, 

SOLUTIONS  TO  THE  THREE  DESIRED  WAVE  FORMS 

j  .  , .  .  possible  to  find  the  cliarge  weights  and  their  times  of 

detonation  in  order  to  produce  a  series  of  desired  shock  waves  at  a  correspond- 
ing  series  of  desired  distances.  However,  in  the  three  cases  to  be  solved, 
shock  strengths  and  time  durations  are  given,  as  opposed  to  shock  strengths 
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*nd  dittaace**  THt*  rruikiet  it  to  d«termm«  ife«  r«latioa#hip  fe^iurtt-a 

4f,  R,  and  t_»  d«rauon. 

The  co«v#at:ional  form  lakes  for  preiiitJre-linne  variation*  In  work 
with  high  exiitoelve*  ha*  h*«s 

J^{t|  -  *  |P  0-t/U. 

'  '  o  *  a  o'  o 

in  which  i*  the  duratlos  of  the  |i0*titv*  pr***ure  pha*e*  It  t*  •««»  that 
thif  wave  form  decay*  is  ©verpreftti*'*  f®  on#»half  of  the  peak  ov«rpre#*ttr« 
in  ahoai  one-third  of  the  poillive  phaae  duration.  The  ctwieentiosal  "duration*’ 
for  a  wav*  propagaitng  in  a  conatant  area  channel  fahock  tubel  I*  Ihm*  calculated 
in  the  prftent  report  ae  three  time#  the  decay  time  to  iialf  the  peak  overpreeeure. 


How  uiing  Eq.  4.  it  ie  poeaihie  to  fine  a  value  of  fr/R)*  tiy  Cc/Rp. 
which  correaponde  to  P-P^/P^-Pq  *0.5»  for  any  given  ahock  alrength.  Theae 
valuea,  (r/R)*,  have  haan  computed  and  are  praaented  aa  a  funchoa  of  ahock 
strength  in  Fig.  6,  Valuea  of  pa*‘tfcte  velocity,  where  fr/R)  «  {r/R)*  are  not 
computed  ^rom  Eq.  3  for  a  range  of  ahock  atrcngtha.  For  the  same  range  of 
ahock  atrcngtha  the  aound  velocity  aay  c*,  ia  computed  at  the  half  overpreaaure 
point  relative  to  atlU  air.  With  this  information  the  following  equation  relatca 
the  prcvioufly  defined  duration  to  diatancea: 


or  solving  for 


“T  '  o 
R  glvaa 


R 


R  = 


Cu*  -I  c*) 


(11) 


The  ratio  of  the  coefficient  of  t  to  c,  aotad  speed,  1*  plotted 
aa  a  function  of  shock  strength  in  Fig.  7.  This  curve  may  how  be  used  in 
computing  a  distance,  given  a  shock  strength,  a  duration,  and  the  ambient 
conditions. 


Solution  for  the  Double  Peaked  Wave  Form 

The  simplest  of  the  three  wave  forms  to  be  constructed  is  the 
double  peaked  wave  form.  It  will  therefore  be  treated  first.  The  particular 
pressure  time  form  desired  is  shown  in  Fig,  8. 


Fig.  8  DOUBLE  PEAKED  WAVE  FORM 
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Wave  one  i«  firtt  con*i4ered.  It  it  noted  that  *  thack  ftrength, 
1^,  oC  I  with  *  d«r*fio«  of  IS  mslliiecond*  i»  desired.  Figure  1  fi'^e* 


u*  ♦  c* 


r  1  ♦!  c 


("1^1 


S  2,21 


for  ?  *  2.  which  five* 


R  »  2,21  c.  t_ 
o  o 


*  izamm  ft/eccjio.oi  •cej 

*  25  ft 

Figure  2,  Z  vereui  A,  gives 

A  =  1.25/fr 

for  ^  =  2.  and  taking  the  value  of  R  from  above  gives 

3 


4P 
-  ° 


*w 


=  0.  05/ft ■ 


W 


=  =  42,  336  ft-lb. 

0.05/ft^ 


Figure  5  gives  a  time  of  arrival  for  the  first  shock  wave.  For  ^=2 
P_  c  t. 


-w 


"1  2 
^  =  0.7/fr 


^  _  0.7/ft^  _  (0.7/ft^)  10^  msec/sec  _  ^ _ 

t  -  '-"'y’”'- . . . .  . . . . . . . . . „ „  .,  „.  X  12*5  msec 

^o  (0.05/ftl  (1117  ft/scc) 

"W  ^ 


With  the  time  of  arrival  known,  the  position  of  shock  wave  one 
may  be  found  at  the  time  the  second  wave  is  at  the  25-foot  distance  (40  milli¬ 
seconds  later). 


P  c  (t,  +  40) 

'  -  . .  ■  '  *  2  o  94 /ft 


which  corresponds  to  a  ^  =  1.2  and  a  distance  R  =  156, 


The  problem  is  now  in  the  form  in  which  the  approximate  method 
may  be  applied.  The  charge  weight  for  the  first  shock  has  already  been  found, 
which  leaves  only  the  second  charge  weight  and  the  time  differential  between 
detonations  to  be  found. 
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s  ^ 


And  10 


The  yalttsf  af  P,  u,  and  c  for  l*Z  ».Tmt  irtsm  Ei|».  S,  9 


P  »  1*05  P 

a 

«  *  0.  §4  c 


c  *  1.015  c 

TMt  iinpllef  that  the  atcond  wave  with  a  *  Z  relative  to  P 
haa  for  purpoaea  of  eomputalJofi  a  ^  »  2,00/1.95  «  l.fO. '  From  Figa.  2 
and  5,  4*  I.fO  impUea 


^  S  6.41  X  10"^ /lb 


and 


^2  ft  Q 

-  1.61X  10  aec/rt-Ib 

^^2  P 


Putting  theae  valuea  into  Eq.  6  gives 


s  3.79  X  10^  ft/lb 


and  therefore 


ByEq.  7 


t- 

^2  ”  ^^2  ~  13.75  msec, 

2 


At  =  tj  -  t2  =  {12.5  +  40)  -  13.75  =  38.75  maec. 

To  aummarize  then,  the  desired  wave  form  in  Fig,  8  may  be 
generated  at  a  distance  of  25  feet  using 

Wj  =  4.23  X  10''^  ft-lb 


and 


W2  =  3.79  X  10“^  ft-lh 

with  a  time  spacing  of  detonation  e<pial  to  38.75  milliseconds. 
These  are  the  parameters  for  a  unit  cross-sectional  area  channel. 

The  50-Milli3ecoad  Buildup,  Finite  Rise  Time  Wave  Form 

The  next  shock  wave  to  be  considered  is  the  finite  rise  time 
wave  form  which  builds  up  slowing  to  peak  in  about  50  milliseconds,  and  then 
decays  to  zero  in  another  50  milliseconds.  This  wave  will  be  approximated 
by  a  series  of  six  smaller  shock  waves,  as  shown  in  Fig.  9. 
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I 


Fig.  9  nm  St-MULLISECOND  BUILDUP,  FINITE  RISE  TIME  WAVE  FORM 


The  firtt  etep  in  determlmng  the  parameter*  which  will  generate 
thl*  finite  ri*e  time  wave  is  to  determine  the  distance  at  which  a  duration  of 
50  milUsecond*  occur*  for  a  shock  strength  of  twO.  Using  Fig,  9 

R  -  C2.205)C1117){0.05)  -  123  ft 

For  wave  one  =1.167,  which  gives 

Aj  =  10/ft^ 

from  Fig,  2,  At  R  =  123 


“^1  **0  3 

=  0,  0813/ft 

and  at  atmospheric  conditions 

Wj  =  2.61  X  10*^  ft/lb. 


Figure  5  gives 


P  c^  t, 
o  o  1 


+  6. 2 /ft" 


from  which 


tj  =  68.  3  msec. 

When  wave  two  arrives  at  the  123-foot  distance,  wave  one  has 
traveled  another  ten  milliseconds.  It  has  therefore  decayed  to  the  following 
derived  shock  strength 


'  C  (t.  +  10) 

-■°yi -  =  7.  11 /ir 


which  inoplies  =  1.145 


-  182  - 


4  .  *  *  ^  ' 


•  S 


wow  IQT  iigg,  2  aad  U  give  reepectlvely 
Pj  R 

-Df-  »5.5/ft^ 

Z 

^  t-* 

—  »  3.7/ft 

2 

Ualag  tke  values  of  P  and  e  in  the  above  yields 
R 

=  2,5  X  10"^/lb 


=  i.48x  10’^  scc/ft-lb 

M 


£qua.tioii  6  now  gives 


W2  =  4.  82  X  10**  ft -lb 


*2  ~  3,  *0  by  Eq.  7 

“  (tj  +  10)  .  =  8  msec. 

new  ambient  wlte  to’SSfe'le'f.’ 

before  wave  three  is  at  the  123  fnnt^  an  addition^  10  millisecoiids 

etrmtgth.  It.  new  abo^V'Un'plTe'.'^JoTAg."  5*“*  “ 

Pj  Cj  (tj,  +  10) 

— -  -  ^,zzitr 

2 

j^^ImpUe.  ?2  =  1-  2<5.  Again  from  Fig.  5  the  new  .et  of  ambient  con- 
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* 


■m  #< 


P,  *  1.06  P,  *  1. 10  P 

4#  JL  O 

^2  -  0.  048  1c  j  +  Uj  s  0. 078 

c.,  -  1 . 048 
2  o 

Relative  to  the  new  condltioni,  the  ihock  »trcn|th  of  wave  three  it 


^3=^=  1.365 


For  Figt.  2  and  5  yield 

P>  R 

V 


'  ^  =  4.1/ft^  and  ^  ^  ^ 


TT 


»  2.75/ft' 


from  which 


R  - 

^  !,76  X  lO’^/lb 


and 


=  1. 000  X  10  ^  aec/ft-lb 

Equation  6  gives 

W3  =  6.66  X  10^  ft-ib 


and  it  follows  that 

^3 

t^  =  W3  =  66.6  msec 

so  by  Eq.  7 

M2  =  {t2  +  10)  -  13  =  13.7  msec. 

By  repeating  this  procedure,  the  remaining  charge  weights  may 
be  fotmd,  and  also  their  times  of  detonation.  The  results  are: 

=  7. 52  X  10^  ft-lb  15.8  msec 

Wg  =  8.43  X  10^  ft-lb  A  ^4  -  13.4  msec 

rs  8.  83  X  10^  ft-lb  A  tg  -  14.2  msec 

This  completes  the  analysis  for  the  50 -millisecond  buildup, 
finite  rise  time  wave  form. 
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c*- 


'■  i  :  ' 


*»■««*««»  wm>mmfmiz<*iit:&tM 


5*MtJilitci»0  Buildup#  Finilm  Rite  Timt  Wav-i?  Form 


The  (ia*l  ‘ireve  contideredi  *•  enother  Cinlle  rlee  time  type. 
However,  in  thie  c*ee  tee  buildup  time  to  tbe  peek  overpreeeure  i#  much 
more  rapid,  5  mlUieecocid*  to  peak  overpreeeure  mud  t^a  dS  tnlUieeconde 
for  decay  to  »«ro  overpreeeure.  The  wmv#  it  generated  by  a  terie*  of 
three  tmaller  wave*  aa  thown  in  Fig,  10. 
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t,  time 


Fig.  10  THE  5 -MILLISECOND  BUILDUP, 
FINITE  RISE  TIME  WAVE  FORM 


The  distance  at  which  a  shock  strength  of  two  has  a  duration 
of  45  milliseconds  {from  Fig.  7)  is 


respectively 


R  =  (2.205){1117)(0.045)  =  110.8  ft 

Figures  2  and  5  give,  for  wave  number  one,  =  1.33, 
=4.65/ft^ 


.^-2  °  J  =  3. 10 /ft^ 


At  R  =  110.8  feet 


\  P  3 

-  0,0420 /ft 


«nd  *t  *imo#pbcHc  condition# 

*  5.04  X  10^  ft-lb 

The  tim#  of  arrival  at  R  *  HO.  8  f««l  for  wave  one  ia 

3. 10/ft 


I  Uf 


■P - 

o 

isr 


*  66.  I  m*ec. 


Wave  one  progrcaiie*  for  2.5  mlllltcconda  farther  before  vs?ave 
iw’O  arrive#  at  the  110.  8-foot  poaition.  It*  ahock  atrength  then  decaya,  and 
the  new  value  (from  Fig.  5) 


^0  **0  ^^1  ^  2.5) 


3.22/ft 


it  ^1=1. 32, 


wave. 


Thia  new  gives  the  new  ambient  conditions  for  the  second 

P  =  1.083  P 

o 

u  =  0. 06  c 

o 

c  -  1.041  c 

o 

Relative  to  these  ambient  conditions  the  shock  strength  of  wave  two  is 


1.67 
»2  “1.083 


lo  =4-^^=  1.54 


For  ^2'  Figs.  2  and  5  give,  respectively 


V/, 


=  2.63/lb 


^1  ^'l  ^  2 

-V— ■  =  1.68/ft 

"2 

md  knowing  and  "cj  results  in 

R  . 

■^  =  1. 147  X  lO’^/lb 
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■<^*0.620’  10  ^  »«c/ft»lb 
•  ^2 

JEqufctlow  6  now  give* 

a  9.32  X  10^*  ft-lb 


«jad 


{-’gpl  *  58.5 

2 

The  time  differential  of  detonation  it,  from  Eq,  7 
Atj  “  (tj  +  2*5^  “  t2  “  10, 1  msec 

Next  wave  three  io  considered  with  wave  two  setting  up  the  new 
ambient  conditions.  Wave  two  travel*  for  an  additional  2-1/2  milliseconds 
before  wave  three  arrives  at  the  110.  8-foot  distance.  Its  decayed  shock 
strength  is,  from  Fig.  5 

?!  Cj  {t  +  2.  5) 

. . »  =  1,7  5 /ft 

which  implies  1.525.  From  Eqs,  8,  9  and  10  the  new  ambient  condi¬ 

tions  are 

P2  =  1*143  Pj  =  1.24 

U2  =  0. 096  Fj  +  u j  =  0. 16  c^ 

Cy  = 1 . 1 14  c 
2  o 

Relative  to  these  conditions,  wave  three  has  a  shock  strength  of 
jr  -  2*  00  _  -  / . 

^3  ‘•17^“ 


-  18? 


f- 


For  thi»  value  of  ,  Fig*.  2  and  5  give 


F,  R 

2  c 


=  2. 275 /ft 


F  c  t 
2  2  3 

“ir; — 


=  1.43/ft 


Subatituting  the  value  of  F^  and  into  the  above  equations  give 

R  ^ 

^  0.  886  X  10  /lb 


0.437  X  10"^  sec/ft-lb 


Equation  6  now  gives 


and 


Wj  =  11,73  X  10’  ft-lb 


=  Wj  =  51.4  msec 


The  t  between  the  second  and  third  detonations,  by  Eq.  6,  is 


^^2  ~  ^^2  ”  ^3  ~  9.  6  msec. 


This  completes  the  analysis  for  the  third  desired  wave. 

In  the  following  section  the  results  of  these  calculations  will 
be  summarized  and  abulated. 


Tabulated  Results 

In  order  that  the  results  may  be  tabulated  in  a  practical  form, 
the  charge  weights  are  converted  into  feet  of  double -strength  Primacord, 
the  explosive  used  to  generated  blast  waves  in  the  Air  Force's  Shock  Tube 
Laboratory  at  Gary,  Indiana.  Furthermore,  the  lengths  are  calculated  for 
both  a  6-foot  diameter  channel  and  a  2-foot  diameter  channel,  which  corres¬ 
ponds  to  the  dianxeter  sizes  of  the  tubes  at  Gary.  These  parameters  are 
indicated  in  Table  I. 
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SugRcitiona  on  JBacperimentatl  Set  Up  for  Multiple  Ctarget 

The  experifnental  procedure  would  involve  arranging  the 
charges,  Primacord,  in  concentric  circles.  They  have  to  be  separated 
sufCicienOy  to  avoid  sympathetic  detonation,  which  in  the  case  of  Prima¬ 
cord  is  very  rare  even  at  distances  of  about  one  inch.  The  blasting  caps 
used  to  detonate  the  Primacord  might  have  to  be  shielded  in  some  way  as 
they  arc  very  sensitive,  however,  the  separation  of  the  charges  is  prob¬ 
ably  sufficient  so  that  the  only  precaution  necessary  is  insuring  the  me¬ 
chanical  integrity  of  the  second  charge  until  the  time  of  its  detunallon.  The 
time  delay  between  charge  detonations  could  be  accomplished  with  instru¬ 
mentation  already  in  exiatence  which  is  designed  to  take  pulses,  and  at  pre¬ 
scribed  time  intervals  discharge  pulses.  These  pulses  then  would  detonate 
each  charge  at  the  proper  time. 


Table  1 

CONDITIONS  NECESSARY  TO  GENERATE 
THE  THREE  DESIRED  WAVE  FORMS 


Wave 

Type* 

Distance  at 
Which  Desired 
Wave  Occurs 

at) 

Charge 

Number 

Time  Detonated 
after  Preceding 
Detonation 
(msec) 

Length  of  Double - 
Strength  Primacord 
(ft) 

6“ ft  tube  2 -ft  tube 

1 

25 

1 

0 

43.0 

4.77 

2 

38.75 

38.4 

4.28 

2 

123 

1 

0 

26.5 

2.94 

2 

8.0 

49.0 

5.45 

3 

13.7 

67.5 

7.52 

4 

15.8 

76.2 

8.48 

5 

13.4 

84.6 

9.42 

6 

14.2 

89.6 

9.96 

3 

110.8 

1 

0 

51.2 

5.70 

2 

10.1 

94.4 

10.5 

3 

9.6 

119.2 

13.3 

1  -  double  peaked  wave 

2  -  finite  rise  time,  slow  buildup  wave 

3  -  finite  rise  time,  rapid  buildup  wave 
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PROBLEMS  IN  THE  USE  OF  PIEZQ»GAGSS 
FOR  SHOCK  TUBE  INSTRUMENTATION 


% 


G.  A.  Coulter 

Ballistic  Research  Laboratories 


I.  INTRODUCTION 


This  paper  discusses  the  problem  of  correlating  the  pressures 
as  calculated  from  a  pieso*gage  velocity  system  with  the  measured  pressures 
obtained  from  previously  calibrated  pressure  gages. 

The  problem  to  be  discussed  concerns  the  24  inch  O.  D.  shock 
tube  at  the  BEL  Shock  Tube  Facilities.  Strong  diaphragms  arc  needed  to 
separate  the  high  pressure  compression  chamber  from  the  low  pressure  test 
section  before  firing.  Figure  1  shows  a  ruptured  diaphragm  of  2  SO  aluminum, 
0.  020  inch  thick.  This  is  the  firing  end  of  the  36  foot  comprejeicn  chamber. 
Notice  the  alignment  pins  and  the  diaphragm  break.  The  break  was  a  pie- 
shaped  break  but  was  twisted  during  the  later  stages  of  the  firing. 

Figure  2  shows  the  test  section  located  about  a  100  feet  from  the 
firing  section.  This  section  is  about  20  inches  square  to  allow  easy  mount¬ 
ing  of  the  models.  Notice  in  the  loreground  the  circular  .velocity  ports. 

11.  VELOCITY  SYSTEM 

A  primary  means  of  measuring  the  shock  pressure  is  by  means 
of  a  velocity  system.  Certain  experiments,  for  example,  in  which  the  in¬ 
strument  section  is  filled  with  dust  or  fog,  make  the  use  of  the  usual  light 
screens  impractical.  As  a  substitute,  small  piezo-gages  have  been  installed 
as  velocity  pick-ups. 

Small  1/2  inch  gages  utilizing  barium ti tana te  cylinders  as  sens¬ 
ing  elements  were  built  by  Granath  of  BRL.  These  were  used  for  both  veloc¬ 
ity  probes  in  this  instance  and  in  other  cases  for  pressure  gages. 

Figure  3  is  an  assembly  drawing  of  the  gage.  The  principle  com¬ 
ponents  are  listed  in  the  legend  at  the  lower  right  hand  corner.  These  are  the 
barium  titanate  cylinder,  a  phenalin  insert  to  center  crystal,  ..Armstrong  A -2 
cement  to  mount  the  crystal  and  a  Mylar  cover  with  A -2  sealing  the  assembly 
into  the  1/2"  -  20NF  brass  or  stainless  steel  case.  Two  such  gages  spaced 
on  a  known  baseline  may  be  used  to  record  the  shock  as  it  passes  the  gage 
positions.  The  time  interval  as  measured  by  a  Potter  Chronograph  used  with 
the  baseline  will  allow  the  average  velocity  to  be  calculated.  The  velocity, 
and  hence  the  shock  pressure  may  be  calctilated  from  the  known  initial  condi¬ 
tions  of  the  gas  in  the  shock  tube. 

The  problems  of  rise  time  or  crossing  time  for  the  gages  must 
be  considered.  The  usual  crossing  time  for  the  subsonic  flow  in  the  24  inch 
shock  tube  is  somewhere  between  15  and  30  ft-sec.  for  a  gage,  depending 
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upos  crystal  •»*«  and  variation  in  shock  strength.  An  error  in  time  mea- 
uremen  can  occur  if  the  pulse  amplifiers  do  not  have  exactly  equal  char- 
^eri#  ICS.  This  assumes  already  matched  gages  with  respect  to  output. 

WionAtoring  the  pulse  amplifiers  is  suggested  by  the  use 
_  ^  pieso-gage  calibrator.  The  one  pictured  in  Fig.  4  is  patterned  after  a 
particle  accelerator  built  by  NOL  |lf56).  The  gage  receives  from  the  cali¬ 
brator  a  pressure  step  function  with  a  rise  Ume  of  3  to  5  milliseconds. 

TK..  *  cross -sectioli  view  of  the  air  tank  with  the  valve 

tin%  ^tk*#**  *'®*ervoir.  This  supply  volume  is  about  2000 

ca^rin^ilfwt*^  valve  and  ,pas*age^y  volume.  The  heat  transfer  to  the 
from  i  ****?J°^«  •«««•  The  air  in  calibration  moves 

®  chamber,  through  the  small  push  valve,  through  the  little 

pK«I;e*pul.t*"  ft^ce  The  calibration  is  made  from 

„t,u  I  gains  of  the  velocity  pulse  amplifiers  may  be  preset  bv  ao- 

*  toowa  pressure  pulse  to  each  of  the  amplifiers  in  turn.  The  Jain 
PJ*e«et  just  to  trigger  the  chronograph.  If  this  level  is  above 

ormmmt  vai  ^  of  the  gages,  then  any  shock  pressure  above  this 

fiL  til  J  *bottld  give  correct  time  intervals.  When  this  method  was  used 

rnenfS  ’ 

^TU^T  OF  PRESSURE  -  TIME  RECORDS 

at  ti,«  clue  to  this  discrepancy  may  be  found  in  the  diaphragm  break 

a  niero  Figure  5  shows  pressure-time  records  from 

is^f *  ®^®ck  wave  and  the  step  calibration.  The  solid  trace 
NaZ  Z^l  the  pieao-gage  calibrator 

matinn  L  fu  ^®y  attribute  to  the  boundary  layer  for- 

e  shock  tube.  Either  or  both  reasons  may  cause  the  rounding. 

from  tH«  record  shown  in  Fig.  5  varies  from  +6%  to  - 

nroblpm  if!  «f  value  front  which  agrees  with  the  velocity  system.  The 

sLticlnv  caTfb7a®Jr  ‘^^^®^®“‘/hiphragm  breaks.  If  the  pressure  from  the 
initial  ri^*.  ^v«i  8*S®  18  calculated  very  carefully  and  compared  with  the 

is  found  to  an  a^uScy”*  n^trf/T  •f'  ‘y**®*”  ®5f“'=  8»8<>» 

diaphragm  break,.  Careful  data  reduction  is  very  necessary.  * 

DRAG  MEASUREMENTS 

renetiHon  v®^^^  valocity  system  can  then  be  used  to  give  control  in 

inTv?d^?  ^®  The  pressure  gafe  is  needed^ 

for  the  calculaHo  time  are  required.  This  Is  necessary 

mounted  in  pos^tion^o^^eforT^al®? ^  ®  ®"he 

Strain  sa0f»if  An  1 1  record^drag  force  with  a  strain  gage  force  balance. 

strain  gages  AB-ll  are  placed  at  both  ends  of  the  baUnce  tube.  The  strain 


gjiget  »re  tliert  «*Rfitjve  io  b>«iidmg  mofn«isi»  *1  tbt  §n4§.  Thtie  cm  be  rc* 
la  ted  to  the  norm*l  force  load  applied  to  the  model. 

Figure  7  tlsowi  tome  cocfficientt  for  litre#  dllfereni  nwodeli 
mounted  against  thi  ihock  tube  wall,  Thia  data  if  no!  corrected  for  the 
shock  tube  sire.  These  curves  appear  different  from  the  isfual  plots  of 
wind  tunnel  data.  Howsver*  if  one  recalls  that  shock  pressure  invoHtes 
both  Mach  number  and  Reynolds  number,  then  the  curves  appear  more  rea¬ 
sonable.  These  curves  are  actually  cross  plots  of  ihs  families  of  curves, 
where  ccHsfficieots  arc  plotted  a#  function  of  Reynolds  number  at  a  constant 
Mach  number. 

NOJL  has  also  recorded  the  coefficients  for  the  cube  with  a  dif¬ 
ferent  type  force  balance.  This  work  was  also  don#  in  the  i4  inch  BRL 
shock  tube.  The  NOL  curve  was  similar  In  shape  but  the  numerical  values 
appeared  to  be  somewhat  higher  than  the  value.!  in  Figure  T,  The  two  meth¬ 
ods  should,  of  course,  give  the  same  results.  The  difference  may  have  been 
caused  by  basic  calibration  error  or  perhaps  to  the  records  being  averaged 
at  different  times. 

F  /A 

The  coefficients  are  based  on  the  relationship  where 

Cjj  is  the  coefficient  of  drag,  F/A  is  the  drag  force  per  unit  arei  normal 
to  the  flow,  and  Q  it  the  flow  parameter  1/2  /  u*.  ^  is  the  density  of  the 
gas  with  a  velocity  u. 

Some  effort  has  been  expended  in  attempting  to  measure  the 
parameter  Q.  This  has  been  tried  in  two  ways  at  the  Shock  Tube  Facilities. 
A  small  gage,  1/2  inch  diameter,  cigar  shaped,  and  a  few  inches  long  was 
used.  The  sensing  element  again  was  a  barium  titanate  cylinder.  It  was 
mounted  such  that  the  stagnation  pressure  reached  the  inside  and  the  side -on 
pressure  reached  the  outside  of  the  cylinder.  The  gage  thus  acted  as  a  dif¬ 
ferential  gage  to  measure  Q.  The  internal  oscillation  from  the  nose  cavity 
caused  low  Q  records  to  be  unreadable.  Larger  values  of  Q  could  be  mea¬ 
sured. 


A  second  method  using  a  face -on  flush  mounted  piezo-gage  and  a 
second  side -on  flush  mounted  gage  was  tried.  This  method  has  the  advantage 
of  lower  noise  than  the  previous  method  but  it  has  the  disadvantage  of  mea¬ 
suring  the  pressure  at  points  relatively  far  removed.  If  the  flow  is  not  uni¬ 
form,  an  error  will  result.  More  work  is  needed  to  accurately  measure  Q 
and  hence  to  obtain  more  useful  values  of  the  drag  coefficients. 

V.  FUTURE  NEEDS  FOR  DRAG  PROGRAM 


The  coefficients  need  to  be  found  as  functions  separately  of  each 
of  the  parameters  of  Mach  number  and  Reynolds  number.  This  is  not  too 
easy  to  do  with  a  large  shock  tube,  but  by  choosing  model  sizes  in  combina¬ 
tion  with  shock  pressures  some  variation  can  be  obtained.  This  will  mean 
variation  of  initial  gas  conditions  in  the  expansion  chamber  of  the  shock  tube. 
It  is  anticipated  that  this  will  be  tried  in  the  future. 
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VI. 


SUMMARY  AND  CONCLUSIONS 


To  •iimiimri*#,  it  is  poitible  to  correlate  velocity  calculated 
•hock  prmMMurem  with  itatically  calibrated  pieao -electric  gage#  if  one  com¬ 
pare*  either  ideal  itep  shock  waves,  or  if  the  measurement  is  made  very 
carefully  at  the  initial  shock  front.  Drag  coefficients  can  then  be  calculated 
from  measurements  obtained  from  the  use  of  a  force  balance.  Better  mea¬ 
surements  of  the  flow  parameters  are  needed  to  allow  more  meaningful  co¬ 
efficients  to  be  calculated. 
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igure  2  20"  Square  Test  Section 


igure  4  Piezo-Gage  Calibrato 
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Figure  7  Curves  of  Drag  Coefficients  vs  Peak  Shock  Pressure 
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mocK  TUBE  tmnm  techmioijes 

WilBmins  A.  Mmaalt,  Jr. 

Wright  Air  Dcvalopmikot.  Cunter 

rntRomcrmn 

«mc  time  more  difficult.  They  .re  more  e..eoU.l  bec.u.r.lf  n  w 
Th?y  rr'.*.u'fic!ff.'bec«.T°In  rTT^.s  *""'»**  M»c»  numt^r. 

The  Wright  Air  Developmeot  Ceater  hat  hmen  coafronted! 

problem  of  mcuring  the  effect,  of  .hockwave  overpr7..ur.  on  lfrcrTffflv 

ou*en«v  wrD  “^.°con“.tl' If  letonation.  for  more  tl^n  .  decde.  Coo.l 

?  WADC  hat  coastaatly  beea  detirout  ol  obtaimag  improved  freoueacv 

retpoate  from  airborae  pretturc  laeaturiag  tyttemt  for  tWt  ouroote^  uJ, 
cent  and  anticipated  increatet  in  demandt  from  airloadt  miatile  anJ  a«n  * 

mi..Ue  program,  for  more  accurate  pr...ure  m«.“eme”.  ttf; 
vided  a  .pur  toward  improving  the  state  of  the  art  in  thi.  field.  ^ 

♦1,  Realizing  the  need  for  better  dynamic  pretsure  meaaurementa 

there  con.equently  i.  a  need  for  a  better  meant 

ment  aystem.  The  dynamic  nrotKhrH*.  .«  ,•  -*  me  meature* 

expressed  a.  a  plot  o^^  an  in.Sf.%tron«\r  r^^-frCfn^^V 

the  neceasary  .ccurately.known  .rnJ/oidal  iLt  v  P*7»tc.lly  to  obtain 

must  belli  tlw  form  of  a  pK^I^re  Pre«„«r=.  ^  if,  «*«■>  “ 

.inuaoldal  exciutton  of  pressure  gage.  fkll.  ^[r  7h«?of  ttrSe* 

frequencies,  so  that  use  of  some  manner  of  stroke  pump  to  ainuaoidallv  excite* 

Lcond '“q.W  T  fig«e  of  frov^d  100  cycl«  ^r 

second.  Since  the  characteristics  of  most  of  the  electronic  cominentt^f  a 
pressure  measuring  system  will  be  e»mfe««aa  «  -  /  componeatt  of  a 

it  makes  it  very  defirlble  to^ve  thH^^Sc  re™ 

up  expressed  this  way  also  for  purpo.e.’TfttermSr; 

excite  a  pre  J.t/'jy'.^em  f 

method  is  used  to  obtain  the  sinusoidal  freflii«,«r.x^  ^  ^  Foxier  integral 
from  the  pressure  systems  re tZfs^  characteristics 

have  a  methn.4  «Kd^4  «  «b  response  to  this  step  transient  pressure,  then  we 
mve  a  metood  of  obtaining  frequency  response  curves  for  a  "very  fast 

«.'TS*f:/^ThTr;7iarA'irff*  p»p« 

ing  of  pressure  gages  and  instaflafions.  “P™®”*  enter  in  shock  tube  test- 
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aC  Pre«.«rc  w*v«  for  il»#  dynamic  leiii«« 

i»v«I  to  *  BfcmtA  k«a^  i^***t*^*  rofyire*  the  cit»,ii|c  tfQm  mt*  known  «»r«'- 

l-ycor  n.Um  tndTrT.lr 

•i^ficieRt  lime  to  obtain  a  ainaity  record  of  tlT*  maintainerf  for  a"' 

«be  me,,,  u,,,.  r,,u.,,m'n,,  «« T.U  r„p,„„.  The  ,h«V 

the  driver  (««  ^**if*‘*"*  *®  *  fuactfoti  ®f  ihj  •»•«/ ©l^aS  ■-  - 

prellu'  tftitfng  « m«*fit cd* ?f»  Y*ftt nc« ^  •hack  Nbe,  Co^” 

allow  the  traniduver  or  laoe  to  damn  •efficient  doration  to 

tom)  or  rite  to  the  v-aloAf  a1  »**  ««<*erd*rt»efi  ev,, 

aver  damped).  Th.^  flaTtoL*^  !!  P^a.anre  wave  {if  |}|«  ,3m 

the  WACC  te,t,  wa,  ©f  aLut  S  I  mfl?f  ^^5  P**e*««*'e  wave  in  the  caae  of 

re.pondmg  or  WgHy  either  Slower- 

mdiciont  duration  time.  *  *^  '  -  >  emm,  thi,  could  prove  to  be  an  In-  * 

ch,r»cleri,JM  for“r«r.Xc'r‘'o*rDi?^  u.,d  ha.  th,  following  de.irable 

“  '’yy  '**y  to  repeat  the  earn®  Dree.ure^'."lf**'”^”'®  ‘yetem  teeting;  (1)  it 

can  be  run  on  the  ihock  tube-  f2l  the  m  th  A^t  ^  accurate  calibration 

pen.ive  and  relati  ,.iy  ..'^yt’o  ma.ter  m  *'"'/**■''«  ‘he  wave  i. 

ha,  a  very  faat  rise  time,  equiv^ent  m  l  *  *"  '*”*' ^^  prea.ure  wave 

i*'an«duGer  mounted  perpendiritlat*  t  ^  over  the  face  of 

it  t  the  s^r*^  wave  is  eoLm 

out  the  testing  time;  (5)  emeuatian  »rtA  within  several  percent  throuch- 

tube  permit,  altimde  simtSTwom  L?fhf  ^  f  of  the 

the  iquare  wave.  neree3ti«f  ^  ^  frequencie,  are  contained  in 

tigation.  '^-itating  only  one  excitation  of  the  syatem  underrnvrs- 


acteristic,  of  the  transducer  anrmountino^  investigate  the  dynamic  char¬ 
ing  .ystem  to  ar  .are  theircomnatTm-?rf  of  a  pressure  measur- 

mg  system.  It  -  as  been  foundX/^^^^^  of  a  pressure  measur¬ 

ing  element  within  a  high  resnolae  ‘^e  sensing  device  has  often  been  the  limit- 
ments  for  a  rece.sed  ifstaultion  mtn?!®,”'*  This  may  be  due  to  the  require- 
®  gage.  This  present  investigation  is  length  of  tubing  leading  to 

“iKhrinto  “  variiu.  recess^^mMn«“f/°!‘“''"*''«  “** 

signt  into  some  of  tho  i.;  mounting  factors  to  ^ive  an  in 

must  choose  the“4‘rtat wheo^r" 

F  IB  oi  a  pressure  measuring  system. 

frequency  respL^irpre^LrVtrai^^^  Program  was  to  test  various  high 
ihock  tube.  After  the  ch^cteriT^rof 

chosen  to  be  mounted  in  the  end^  of^uhl  ^own,  one  was 

For  each  length  of  tubing  seveLl  dTff  1  ^^rious  lengths  and  diameters, 
were  made  from  heavy  bfr  BtockwhithhnlV  were  tested.  The  tubes 

mg  tube  ringing  from  the  data.  Knowing  tL  rhara  Period,  thus  elimin-*- 

a.  juaowing  the  characteristics  of  the  flush  mounted 
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tjr»jBt4ttC#r,  tJb*  »»•  fsm«S«  tiaail  may  mmjar  4*vi*tioBt  by  iJMr  r*- 

c«if«4  mauansf  would  b%  duo  to  Use  mcomtict  of  lh«  tob«  btrw««a  tb*  gtgo 
mad  tb«  obock  tob«.  A«  itmlmd  bmfor#,  tbm  fmct  tb*t  lb*  i*»ti.»g  Um%  wm*,  ta 
tbi*  emit  !*•■  th»a  f  mllli#«coad*,  kmlt«d  tbe  l«b«  loagiii  iftv»*ti|mtioest  to 
tub**  und«r  4  lacb**  ia  Itagib,  B*y©ad  tbi*,  tht  freqmntf  T«*|ioai#  wm* 
low*r*i  to  much  lh»t  th*  •yttmm  would  aot  damp  out  la  S.  5  mllli**coadi 
•qumro  w*v«  durmlios,  Th*  r*c«rdlag  of  Ih*  dmtm  wm*  mcco»spliih«d  by  f*«d- 
log  th*  trmoiducor  output  iato  a  tolggirlag  omellloicopm  mad  photogrmphiag 
th*  tr*c«. 


Th*  rowrler  inlmgral  method  wa*  used  to  ditormlne  th*  dyammic 
r«*pon*e  chmrmcteriitic*  from  the  recorded  Irmc**  of  the  jr«*poB*«  of  th* 
*y*t*m  to  the  »tep-fuactioa  pre**ur«  wave.  Th*  romthemmflcml  development 
of  thi*  m*thod  mad  it*  mppllcmttoa  to  the  pr««ent  problem  may  be  found  in  a 
report  publi*hed  by  the  Coraell  Aeroaawiical  Ijiboratory,  Flight  R**«arch 
Department.  A  Fourier 
Quency  Re  *pon •  e'Tro'm'  *' 

9  Marcl'TW: 

Simply  itated,  the  Fourier  Analyei*  provide*  the  mean*  for  cal- 
culatinf  the  output  charactcriitic*,  magnitude  and  phase ,  of  a  given  ayatem 
relative  to  an  input  of  tpecified  iinuioidal  frequency.  The  only  data  required 
1*  the  traniient  reiponie  of  the  •yatem  to  a  »tep  Input  •ignal.  Thi*  traaiient 
re*ponie  or  time  record  of  the  r*»pon*e  i»  then  mathematically  operated  on 
u*ing  Fourier  Tranefer  theorem*  to  obtain  the  desired  Information. 

Thi*  method  i*  independent  of  the  order  of  the  *y*tem  under  in- 
veitigation  and  any  frequency  or  random  frequencie*  may  be  analyaed  in  any 
eequence.  Thi*  i*  of  particular  importance  where  the  system  to  be  investi¬ 
gated  include*  components  with  various  inherent  damping  and  natural  fre¬ 
quencie*  quabtie*  and  where  the  only  requirement  is  to  establish  the  response 
of  the  system  for  a  given  frequency  range. 

The  required  computation*  can  be  accOinplished  by  hand,  but  they 
are  rather  laborious  and  time  consuming.  The  computations,  however,  are 
well  suited  for  automatic  computing  machine  work.  Practical  use  of  the 
method  demands  an  electronic  computer  where  a  wide  frequency  range  and(or} 
a  number  of  different  systems  are  to  be  investigated. 

The  accuracy  of  the  results  is  primarily  dependent  on  the  accuracy 
of  the  uxiit  step  input  provided  by  the  test  procedure  and  on  data  reduction  pro¬ 
cedures.  Appendix  "A"  give*  a  summary  of  the  mathematical  steps  and  a  flow 
chart  used  in  the  computer  program  for  the  reduction  of  the  data. 

Appendix  "B"  shows  the  trace  of  a  system's  response,  the  computer 
program  answers,  and  the  response  curve*  obtained  for  a  particular  system. 

CONCLUSION 


Integral  Method  for  Obtaining  th*  Sinusoidal  Fre-^ 


The  present  test  program,  which  should  be  completed  within  the 
next  month,  will  define  the  effects  of  various  tube  lengths  and  diameters  on  the 
frequency  response,  magnitude  and  phase,  of  the  dynamic  pressure  measuring 
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Bfmmrn.  The  4tv«l©pm«nt  of  the  pee^otielf  i«:»crib«a 
however,  hue  «  hrsMtier  inteetioo  th*tt  the  w.rimi*  ^ 

esd  oBOttoting  cli*noteriiticii»  It  i#  believed  that  ^ ,  tinatwd  i** 

eadeiaog  usd  propoeed  meeewifti,  eyetoEB*  might  be  i»s^w*b  ^ 

tJhi#  maaoeri©  ob»4«  the  ultimete  perforiiiiioce  irefii  »* 

JEveotweltf ,  certilii  code*  ©f  compufibillty  or  •oltefelli^y  i„ 

with  retpect  to  the  vnrioii*  compowenie  of  •  tvitem.  Thi*  wo«^.  't 
effect  e  coseldereble  adveoceio  the  fltW  of  preeetire  rneetoy©*®*®^* 

Frofreme  4  re  plaaaid  to  eccitmolahi  igoowledg#  of  tec^fuwe 
for  eeneini  iliort  duretior.  preeeore  impolite  *t  bigh'l**©#**®*^^**  ' 
eecorecy,  in  cosaectioo  with  deloae  ^on  effect*  of  oisclo^t*  weepoa*  »t  veej 
high  elti tilde  e. 

It  ie  believed  that  methode  of  meeettrlag  P'*'*f*'^*.^^** 
ly  extended  in  frequency  reepoaec  in  order  to  meet  problem*  t*»  ’  *. 

preicnt.  S'tiock  tube  tettiog  lechaiqaei  will  be  need  by  WADC  to  a  p 
xchieve  Ifeeee  need*. 
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APPENDIX  A 


SUMMARY  OF  MATHEMATICAL  STEPS  AND  FLUH  CHART 
USED  IN  COMPUTER  PRCXillAM 
FOR  REDUCTION  OF  DATA 


REPORT  ON  RESPONSE  FUNCTIONS  OF  VARIOUS  TRANS DIH. ERS 
AT  DIFFERENT  FREQUENCIES 

Thn  Datatron,  Model  205  was  programmed  lo  evaluale  #,  the 
IjAG  angle,  and  A^/A.,  the  response  ratio,  for  different  values  of  {,  the 
frequency.  f  was  varied  at  intervals  of  1,  10,  100,  1000,  etc.  for 

the  ranges  1-10,  10-100,  100-1000  etc.  respectively.  The  final  frequency 
used  was  f  =  50,000  Cps.;  however,  the  programs  will  luindlc  f  up  to  ap¬ 
proximately  100,000  Cps. 

0  s  tan” ^  A/B 


A 


o  1 


where  I  is  assumed  equal  to  X  ,  the  Steady  state  value 

s  s 


A  =  U)C  (CJ)  -  X  Sin  U>T 

o''  S8 

B  (CJ)  +  X  Cos  iOT 

o  '  ss 


where  t  — »  T  as  X(t)  — #  X 

B  S 


=  277  f 


X(t)  Cos  dt 


X(t)  Sin  ci.;  t  dt 


X(t),  the  ordinates  of  the  response  curve  were  read  at  equal  intervals  of 
time,  in  counts  on  a  Telerecordax.  The  number  of  counts  varied  with  the 
magnification  used  to  read  the  film,  but  was  never  less  than  600  Cts/Cm. 
The  ^t  was  chosen  such  that  all  peaks  and  troughs  would  be  read,  and  was 
equal  to  25;’.  Sec,  or  less. 


i 
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Both  w#r#  hf  rule 

^  Hm)  Om  «  f  4((K^}f  if  (X^j  ♦  , . ,  +1  ix^lj 

where  n  *lw»y«  even. 

To  MimpUfy  computaUon  X  (t)  w»t  multipled  by  Simpton  cormcient.,  in  the 
inliijkl  loading  precete.  The  y&lue#  of  X  and  X  were  determined  from 
a  plot  of  the  readlaga  and  all  valuea  ••  modified  by  the  formula: 

^  <»>  •  -cV,e^“ 

ia  choien  aucb  timt  the  No.  of  la  odd. 
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appendix  b 

progil\m  response  data 
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HIGH  TEMPERATURE  EFFECTS  IN  SHOCK  STRUCTURE 


Hari  K.  Sen  and  Arnold  W.  Guess 
Geophysics  Research  Directorate,  AFCRC 


I.  INTRODUCTION 


The  purpose  of  this  paper  is  to  motivate  discussion  rather  than  to 
give  definite  conclusions.  In  view  of  the  extensive  developments  in  the  sub¬ 
ject  matter  of  the  paper,  we  shall  not  attempt  to  be  exhaustive.  We  will 
only  mention  some  effects  of  high  temperature  on  the  structure  of  a  shock 
front,  that  appeared  interesting  to  us  and  have  been  engaging  our  attention 
for  some  time.  Further,  stress  will  be  laid  on  physical  theory,  as  it  is 
hoped  that  other  papers  in  the  Symposium  will  cover  some  of  the  experi¬ 
mental  aspects. 

Even  a  casual  student  of  hydrodynamics  would  discern  three  stages 
in  its  development:  (1)  classical  hydrodynamics  of  the  incompressible  liquid, 
(2)  aerodynamics  of  a  compressible  gas,  and  (3)  high  temperature  gas  dynam 
ics.  The  last  is  the  phase  of  development  occasioned  by  the  circumstances 
of  the  present  age,  e.g.  ,  extreme  hypersonic  flight.  Of  this  last  phase,  von 
Karman  says^,  ’’The  air  dissociates  at  these  temperatures  and  we  have  an 
extremely  complicated  problem  of  aerothermochemistry  eventually  involving 
also  magnetoaerodynamics  if  ionized  particles  are  present.  It  is  certainly 
a  problem  that  constitutes  a  challenge  to  the  best  brains  working  in  these 
domains  of  modern  aerophysics". 


One  of  the  most  important  effects  of  high  temperature  on  gas  dynam¬ 
ics  is  the  accentuation  of  the  molecular  against  a  continuum  treatment.  ^  New 
parameters  of  length  and  time  are  added  to  those  of  old.  The  relaxation  time 
covers  not  only  coliisional  processes,  but  also  rotation,  vibration  and  dis¬ 
sociation  of  the  molecular,^  chemical  reaction  rates, 4  and  finally  ionization.^ 
To  the  collisonal  mean  free  path  as  a  standard  of  length  are  added  other  quan¬ 
tities  (under proper  conditioue),  e.g.,  the  mean  free  path  scaled  by  the  in¬ 
verse  of  the  Pradtl  number  (when  the  gas  is  ionized)^,  the  Debye  length  (when 
there  is  charge  separation)'^,  and  the  gyro-radius  (in  the  presence  of  a  mag¬ 
netic  field)®. 


In  the  propagation  of  an  intense  shock  wave,  another  important  effect 
of  high  temperature  manifests  itself,  which  has  been  one  of  the  prime  inter¬ 
ests  of  the  authors,  viz. ,  the  coupling  of  the  radiation  with  the  hydrodynamic 
field.  The  radiation  field  is  characterized  by  the  pressure,  energy  density 
and  transport  of  radiation.  Radiative  transfer  imports  a  fresh  parameter  c£ 
length  into  shock  structure;  the  mean  free  path  of  radiation. 

The  possibility  of  obtaining  electromagnetic  radiation  from  an  electron 
plasma  is  a  further  interesting  field  for  theoretical  and  experimental  investi¬ 
gation.  A  plasma  in  a  shock  tube  may  play  an  important  role  as  a  generator 
of  sub -millimeter  waves  -  the  no  man's  land  between  the  limits  of  infrared 
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and  electronic  techniques  .  Such  an  investigation  will  also  throw  light  on 
theories  of  the  generation  of  solar  radio  noise  in  shock  fronts 

II.  IONIZATION  AND  SHOCK  STRUCTURE 


Apart  from  the  effect  of  ionization  relaxation  on  extending  the  width 
of  the  shock  front  ionization  in  itself  broadens  the  shock  front  on  account  of 
two  causes.  The  first is  the  long  range  of  the  Coulomb  forces,  that  makes 
the  viscosity  go  as  a  higher  power  of  the  temperature^^(viz. ,  2.  5)  than  for 
a  non-ionized  gas.  The  increased  viscosity  extends  the  region  of  influence 
of  the  shock  wave. 


Figure  l  shows  the  width  of  shock  for  a  plasma  (macroscopically 
neutral,  ionized  gas)  in  terms  of  the  mean  free  path  with  the  shock  as  a  unit 
of  length^ h  is  a  measure  of  the  ratio  of  the  magnetic  to  the  internal 
energy  per  uniP  mass.  We  shall  restrict  our  consideration  to  the  case  h  =  o 
(Curves  1  and  II)  (plasma  without  a  superposed  magnetic  field).  ° 

1  3 

Figure  I  can  be  compared  with  corresponding  computations  for  air. 

We  see  that  ionization  considerably  increases  the  width  of  the  shock  front. 


Curve  II  is  based  on  the  Navier-Stokes  equations.  As  these  do  not 
hold  for  strong  shocks,  ^'*where  the  physical  va  .ables  change  appreciably 
within  a  mean  free  path,  the  Mott-Smith  interpolation  formula^^is  used  for 
high  Mach  numbers  (Curve  I).  Curves  I  and  II  join  smoothly  at  Ms&L.  3, 

For  stronger  shocks.  Curve  I  lies  above  II,  indicating  that  the  Navier-Stokes 
equations  give  a  sort  of  lower  limit  to  the  shock  thickness.  However,  the 
Mott-Smith  analysis  gives  a  finite ■^^to  the  shock  thickness  as  the  Mach 
number  M - >oo,  whereas  the  Navier-Stokes  equations  give  an  infinite  limit. 


The  second  factor  that  is  responsible  for  the  broadening  of  the  shock 
front  in  a  plasma  is  the  low  value  of  the  Prandtl  iiumber°> 

p  =/iCp/;i  (2. 1) 

where and  are  respectively  the  coefficients  of  viscosity  and  thermal 
conductivity,  and  Cp  is  the  specific  heat  at  constant  pressure.  The  reason 
for  the  diminution  of  the  Prandtl  number  for  a  plasma  is  the  following; 

The  plasma  is  a  mixture  of  two  particles  viz. ,  ions  and  electrons, 
that  have  very  different  masses.  The  momentum  (viscosity)  is  carried 
principally  by  the  heavier  particles,  i.  e.  the  ions,  whereas  the  thermal 
energy  (conductivity  is  carried  mostly  by  the  more  mobile  el^ectrons.  For 
completely  ionized  atomic  hydrogen,  for  example,  we  have^° 

0.96/4^,  (2.2) 


where  the  suffix  i  refers  to  the  proton. 
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Thus,  the  Prandtl  number, 


0.96 

“xr  • 


/X.  C 

I 


(2.3) 


We  may  take  the  Prandtl  number  for  the  proton 


M.  C 


(2.4) 


Hence,  we  have  the  Prandtl  number  fo 
1/EO,  as  against  the  value  2/3  for  a  pure  gas. 


r  a  proton-electron  plasma 


We  wish  to  make  two  remarks  in  this  connection.  Charge  separation 
in  a  plasma  will  produce  an  electrostatic  field  which  will  reduce  the  thermal 
conductivity  by  a  factor  of  the  order  of  one-half.  1®  This  will  increase  the 
Prandtl  number  for  a  proton-electron  plasma  to  a  value  ^  1/10, 


Further,  we  have  so  far  assumed  ionization  equilibrium.  So  long  as 
ionization  equilibrium  is  not  attained,  it  appears  that  the  ions  will  be  at  a 
higher  temperature  than  the  electrons  in  the  shock  front.  The  electrons 
also  will  have  a  lower  temperature  gradient.  Both  these  effects  will  tend 
further  to  increase  the  Prandtl  number  toward  its  original  one -particle  value. 


Both  Marshall's^  and  the  authors*  computations*  indicate  that  the  dimi¬ 
nution  of  the  Prandtl  number  by  an  order  of  magnitude  will  considerably  in¬ 
crease  the  width  of  the  shock  front  in  a  plasma.  This  increment  in  the  shock 
width  will  extend  the  range  of  validity  of  the  Navier-Stokes  equations  towards 
higher  Mach  numbers.  In  view  of  the  considerable  uncertainties  over  the  re¬ 
spective  spheres  of  applicability  of  the  Navier-Stokes  equations  and  the  higher 
order  kinetic  theory  approximations,  both  in  theory  and  in  experiment,^®  it 
would  be  worth  while  to  devise  an  experiment  to  measure  the  shock  width  in  a 
plasma. 


III.  RADIATION  EFFECTS  ON  SHOCK- WAVE  STRUCTURE 


The  usual  hydrodynamic  equations,  modified  by  the  inclusion  of  radia¬ 
tion  pressure  and  energy  densitv,  lead  to  the  extended  Rankine-Hugoniot  con¬ 
ditions  first  obtained  by  Sachs^^  from  pure  conservation  laws.  Radiation 
pressure  and  energy  density  become  appreciable  at  a  temperature  of  a  few 
million  degrees  in  air  of  atmospheric  density,  and  must  be  considered  along 
with  material  gas  pressure  and  internal  energy.  This  effect  is  well  known 
to  the  astrophysicist,  and  forms  an  integral  part  of  the  theory  of  stellar 
structure. 


The  pressure  and  energy  density  of  radiation  can  be  included  formally 
in  the  analysis  by  considering  the  total  (material  gas  +  radiation)  pressure  and 
energy  and  an  "effective"  ratio  of  specific  heats  of  gas  and  radiation,  which  is 
a  function  of  the  material  ratio  of  specific  heats  (iT)  and  the  ratio  of  radiation 
gas  to  pressure.  It  is  interesting  to  note  that  the  velocity  of  sound  is  changed 
in  such  a  composite  medium  (material  -f-  radiation). 


•*806  Table  I  in  Sec.  IQ. 
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At  lower  temperature*  where  radiation  pretaure  and  energy  density 
are  no  longer  appreciable,  radiation  may  »till  exert  it*  influence  through  a 
third  characteriitic,  viz.  ,  radiative  tranaport  of  energy.  The  over-all  effect 
of  radiative  tranafer,  in  a  diffuaion  approximation,  can  be  taken  a*  a  diminu¬ 
tion  of  the  Prandtl  number  and  make#  the  ibock  front  wider  than  when  viscosity 
and  heat  conduction  alone  are  considered.  ^  The  radiative  contribution  to  the 
width  of  the  shock  is  found  to  depend  primarily  on  the  ratio  of  the  mean  free 
path  of  radiation  to  that  of  the  material  particles.  It  is  conceivable  that  in  a 
rarefied  atmosphere  (extremely  high  altitudes)  the  mean  free  path  of  radia¬ 
tion  and,  consequently,  the  shock  width  may  be  so  great  aa  virtually  to  nullify 
the  ahock. 

We  shall  develop  first  the  equations  for  a  shock  wave  with  the  inclu¬ 
sion  of  the  effect*  of  radiation  in  local  thermodynamic  equilibrium.  The  shock 
ia  taken  a*  plane,  steady  and  propagating  non-relativistically  along  the  x-axis. 
The  flow  is  make  time  independent  by  referring  to  a  coordinate  system 
moving  with  the  shock  front.  The  suffixes  0  and  1  are  used  to  denote  the 
phynical  variables  (velocity  u,  material  gas  pressure  p,  density  /^,  and 
temperature  T)  in  front  and  in  back  of  the  shock,  respectively.  The  following 
equations  then  describe  the  flow. 


(3.  1) 


^  .3 . 


The  equation  of  conservation  of  mass  is 

A  =  /®o  “o  = 

The  Stokes -Navier  equation  is 

The  equation  of  conservation  of  energy  is 

4  2 

d  /T\  j.  siT  \  d  ,,  dTx  ,  ,  a  ,-4%  du  .  4  ^  ,du  x 

4 

a  4  aT 

T  and  ~—p —  are  the  radiation  pressure,  and  radiation  energy  per  unit 
mass;  and  are  added  to  the  material  pressure,  p,  and  the  internal  energy, 
E,  respectively,  /^and  k  are  the  coefficients  of  viscosity  and  heat 
conductivity,  respectively.  F  is  the  radiation  flux  and  a  is  the  radiation 
constant. 


dF 

35? 


(3.  3) 


Equations  (3.2)  and  (3,  3)  may  be  integrated  to  give 

mu  -  mC  =  -  (p  +1  T^)  +1/1*^, 


(3.4) 


and 


i*i(E  +  ^  ^  ^  ~  ^Cu-F-Ci^  (3*5) 


4 


dT  .  m  2 


where  C  and  are  constants  of  integration. 
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The  Eankine-Hugoniot  conditions  are  obtained  by  assnming  uniform 
conditions  in  front  and  in  back  of  the  shock.  Application  of  (3.4)  and  (3.5) 
gives,  respectively, 


1  ^o^^  ♦  m  u^  -  mC  =  (Pj  +  ^  4  m  Uj 


(3.6) 


and  4 

aT^  - 

.  o  .  m  2 

+  — ''T"o 

o 


aTj  - 

+  mCu^  +  *  -Cj  =  m(Ej +  mCuj  +  Fj. 


(3.7) 


The  term  (Ft  -  F^)  in  equation  (3.7)  represents  the  ''radiation  escape" 
(assumed  to  oe  small  compared  to  the  radiation  energy).  Equation  (3, 1)  gives 

=  m  =/>iUj.  (3.8) 


Equations  (3.  6),  (3. 7)  and  (3.8)  are  equivalent  (except  for  the  term,  Fj  -  F^^) 
to  the  radiation  Rankiue-Hugoniot  equations  obtained  by  R,.G,  Sachs*^. 


The  Mach  number  of  the  shock  may  be  defined  in  the  usual  manner, 
Mg  =  IuqI/Cq  where  Cg  is  the  velocity  of  sound  in  the  medium  in  front  of  the 
shock.  However,  in  the  present  situation. 


a(p„  ♦  7  T 


s 


(3.9) 


the  subscript  S  indicating  that  the  differentiation  is  to  be  performed  for 
constant  entrophy  (S).  Assuming  the  material  gas  to  be  perfect  with  ratio  of 
specific  heats  Y,  the  equation  for  sound  velocity  becomeB23 


(3.10) 

where 


=  20(y"-i)  4  16  {Y-Dn^ 


a  4 

7)  =  -j  T^  /p^  =  radiation  pressure/matcrial  gas  pressure. 

As  — s*  o,  c^  — p  ^Pq^'^o  1®  ^1^®  usual  expression  for  the  material 

gas.  As  Yj  c  2  4/3  ^ ^  ^ Pq  ^1^  1)»  showing  that  radiation  be- 

ha^-es  like  a  perfect  gas  with  -  4/3,  In  fact,  equation  (3. 10)  can  ex¬ 
pressed  as  c^2  =  where  P  is  an  "effective”  ratio  of  specific  heats 

for  material  gas  and  radiation,  and  is  the  total  (radiation  plus  gas)  pres¬ 
sure.  The  situation  is  similar  to  what  obtains  in  magneto -gas -dynamics. 

In  the  remainder  of  this  section,  we  will  briefly  review  the  analysis 
and  computations  for  the  actual  shock  structure  for  a  simple  model ,2 ^  Take 
the  diffusion  approximation  for  radiation  flux, 
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^  ^  4a  c  T'^  dT 

and  the  perfect  gas  law 

p  =  R/T,  E  =  QT. 

Then  equations  (3,4)  and  (3.5)  may  be  combined  to  give 

dT  4^  m(C^^T  +  a  T^  u/m)  -  m\?l 2  ♦  u  -I-  Cj 
^  ”"3E’  /n  wiT  T\7  i'«  T4/  \  A  <11  ^ 


(3.11) 


(3.12) 


(RmT/u  +  iTVj)  4  m  u  «  mC 


(3.13) 


where 


312^  mic 


4P  y-1 


^Ro  uOC+  1 


(3, 14) 


and  is  called  the  radiation  broadening  factor.  Here,  c  is  the  velocity  of 
light,  ><  is  Rosseland  mean  absorption  coefficient,  ^  is  a  constant,  P  is  the 
Pran^tl  number,  is  the  mean  particle  velocity  and  and  are 

the  radiation  pressure  and  (radiation)  mean  free  path  in  front  of  the  shock. 
Also  U  =  u/uq,  tT  ~  T/Tpj  and  n,  /S  and  (X,  are  the  exponents  of  temperature 
and  density  variation  in  k  and  X , 

In  the  denominator  of  the  radiation  broadening  factor,  g  (/T,  U), 

appears  the  fraction,  ^  ,  which  is  essentially  a  measure  of 

radiation  effects  to  par&cle  effects, °  1®  always  qmte  large  while 

Ppo^Po  quite  small.  (ratio  of  radiation  mean  free  path  to 

particle  mean  free  path)  will  be  small  when  radiation  transport  effects  are 
>^egligible,  but  will  grow  when  radiative  transport  of  energy  becomes  impor¬ 
tant  compared  with  dermal  conduction.  The  radiation  broadening  factor 
g(Tr»  U)  approaches  unity  for  the  pure  material  gas^  but  when  radiative  trans¬ 
port  effects  are  important,  g(7r,  U)  is  temperature  and  velocity  dependent 
and  may  become  quite  sm^.. 

In  order  to  gain  a  general  idea  of  the  shock  structure  we  have  taken 

g  (7?!  U)  =  •  11^  ■  II  1  j  , 

1  4  TT'* 

as  the  form  of  the  radiation  broadening  factor  for  computational  purposes. 

The  values  5^  =  5/3,  ^  =  2,5,0C  =  I  and  >d  =  3. 5  were  taken,  represent¬ 
ing  a  Kramers  opacity  law  in  an  electron-ion  plasma.  Equation  (3, 13)  was 
solved  numerically  with  the  neglect  of  radiation  pressure  and  energy  density, 
and  subsequently  equation  (3.4)  was  solved.  Results  are  given  in  Fig.  2  in 
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which  the  actual  shock  8tr\icttire  is  plotted  in  terms  of  the  mean  free  particle 
path  in  front  of  the  shock  for  a  Mach  number  of  2  and  a  Prandtl  number  of  3/4. 
The  effect  of  radiative  transfer  is  to  considerablv  broaden  the  shock-wave. 

Finally,  in  Table  I  are  presented  the  results  of  the  computation  for 
the  width  of  the  shock.  The  suffix  R  refers  to  inclusion  of  the  radiation 
broadening  factor. 

Table  I,  Width  of  shock  (t)  in  terms  of  mean  free  particle 

path  The  suffix  zero  refers  to  front  of  shock, 

and  R  to  radiation. 


x-ranou 

No. 

M 

0 

^0 

^oR 

0.75 

1.5 

9.5 

27.3 

8.3 

23.7 

2.9 

2 

8.5 

31.4 

5.9 

21.7 

3.7 

2.5 

9.7 

40.8 

5.0 

20.9 

4.2 

4 

14.7 

87.8 

2.6 

15.7 

6. 0 

0.075 

1,5 

43.7 

75.1 

37.9 

65.2 

1.7 

The  last  three  columns  of  Table  I  are  perhaps  the  most  interesting 

They  show  that,  both  with  and  without  radiation,  the  shock  width  (in  terms 
of  mean  free  path  within  the  shock  front)  decreases  with  increasing  Mach 
number.  However,  the  proportional  increase  in  shock  width  due  to  radiation 
increases  with  increasing  Mach  number, 

IV.  RADIATION  EFFECTS  ON  RANKINE-HUGONIOT  CONDITIONS 


The  complete  Rankine-Hugoniot  conditions,  witii  the  inclusion  of  all 
radiation  effects  were  presented  in  Section  III.  Sachs  has  examined  the  ef¬ 
fect  of  radiation  pressure  and  energy  density;  we  will  examine  here  the  ef¬ 
fect  of  *'radiation  escape'*.  Radiation  transfer  and  radiation  escape  can  be 
important  even  when  radiation  pressure  and  energy  density  are  negligible. 
This  situation  will  be  examined  in  two  extreme  limits:  those  of  small  and  of 
large  radiation  escape.  Finally,  strong  shocks  in  air  will  be  considered  with 
an  approximating  function  for  the  radiation  flux. 

In  the  present  situation,  the  Rankine-Hugoniot  conditions  (from 
equations  (3,8),  (3.6)  and  (3.?)  are: 


A  u  =  m  =  iP.u, 


m 


%  Po  “  ™  Pi 


and 


m  u 


m  E^  - 
o 


+  in  ^  --  in - 


(4.1) 

1  +Pi 

(4.2) 

mu^ 

— +  mCiZj  +  Fg, 

(4.3) 

4 


r 


-  222  - 


^  ^  *  i 


/f 


* 


with  the  aeglect  of  radiation  preta^ixe  and  energy  denaity.  ^ 


Fg  *  **  radiation  flux  escaping  to  great  diitancea  in  front  of  the 

shock  wave.  The  perfect  gas  laws:  p  *  R/^T,  E  *  C„Tf  and  the  dimension- 

*5  » 

less  parameters:  TTj  *  T^/T^,  Uj  ■Uj/u^, 

used;  Equations  (4: 1)  and  (€IZ)  may  then  he  solved  to  give 

TTj  =  Uj  (  ru^  4  1)-  ru^  Uj^.  (4,4) 


Eliminating  between,  equations  (4,4)  and  (4,  3)  gives 

“w*—  *  0, 


Uj  *^7^  ■  (1^4 -~i^)  ♦  — = - .t - 4 


M  mu* 

o  o 

of  which  the  physically  acceptable  root  is 
74  I/M  ^ 

U,  * — - - 1 


till 


T 


(1-1 /Mp  fzw^(r' 


l)/fn  u 


r  4  1 


(4.5) 


(4.6) 


The  other  root  leads  to  tl.  >  1,  or  a  rarefaction  wave.  Equations  (4*4)  and 

(4.6)  are  the  exact  expressions  for  the  temperature  and  velocity  prarmeters 
behind  the  shock  when  "radiation  escape"  is  included.  Mote,  from  equation 

(4.6) .  that  there  is  always  a  decrease  In  flow  velocity  (and  Acrefore  an  in¬ 
crease  in  coociipression}  behind  the  shock  when  "radiation  escape"  is  included. 


In  the  limit  of  small  radiation  flux  escape  (i.e. 


2Fj./mu_, 


« 


(M‘  -  1)2 

'  ''4'  ■  "  4"'  "  " "  » 

(r  - 1) 


equation  (4.6)  becomes 


specifically  for 


U.  = 


r-i 


1  “TTT 


uf  (r  + 1) 


" "  ■  '  2'  “ '  *  "  '"'i  '  * 

m  u„  M  T  -  1 
o  o 


(4.7) 


if  we  use  the  first  order  term  in  the  square  root  expansion.  If  Uj|-  is  de¬ 
fined  as  the  pure  hydrodynamic  velocity  parameters  (no  radiation'^^escape). 
then 


V 


.  r-i 
iH  -jrn 


(r+ 1) 


(4.8) 


The  difference  between  equations  (4. 7)  and  (4.  8)  is  then 

Fg  (7-  1) 

1 - 


''iH  - 


(4.9) 


m  u 


*Undcr  these  circumstances,  the  assumption  of  local  thermodynamic  equili¬ 
brium  is  no  longer  necessary. 
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In  like  manner,  the  pure  hydrodmamic  temperature  parameter  (no  radiation 
eacape)  may  be  defined  as 


Equations  (4,1C5J,  (4.4),  (4,7)  and  (4,8)  maybe  combined  to  give 


Fj.  (y-i)(3  -rt 

11  fltf*ipniii»<ii  Iiir  r  ly  m  ■sniiwinwniifc 

o 


(4. 10) 


(4.11) 


Equations  (4.9)  and  (4, 11)  represent  the  difference  between  the  pure  hydro- 
dynamic  case  and  the  radiation  escape  case  for  the  velocity  and  temperature 
parameters.  They  arc  approximate  expressions  for  Fjg/m  «  and 
ui  »  1.  Comparison  of  equation  4.9  with  equation  (4,  il)  indicates  that  the 
decrease  in  velocity  discontinuity  at  the  shock  front  depends  only  on  the  ratio 
T^fm  On  the  other  hand,  the  decrease  in  temperature  discontinuity  de¬ 

pends  on  *fMg  times  this  ratio.  Hence  for  strong  shocks  with  small  radia¬ 
tion  escape,  tne  flow  will  not  appreciably  be  affected  while  the  temperature 
will  be  decreased  by  a  large  amount  from  its  usual  hydrodynamic  value.  In 
this  case,  the  compression  ratio  also  will  be  relatively  unaffected  as  follows 
from  equation  (4. 1). 


Tbs  absolute  upper  limit  for  the  magnitude  of  the  radiation  flux  es¬ 
cape  occurs  when  the  shock  becomes  "isothermal",  i.e,,  when  the  radiation 
escaping  through  tne  shock  front  reduces  the  temperature  behind  it  to  such  an 
extent  that  there  is  essentially  no  temperature  jump  across  the  front.  The 
actual  realisation  of  an  isothermal  shock  is  not  possible,  but  the  situation 
may  be  approached  if  the  opacity  of  the  gas  is  quite  small.  The  usual  hydro- 
dynamic  shock  may  be  termed  an  "adiabatic"  shock. 


The  condition  for  the  shock  to  be  isothermal  is, 


^1  = 


(4.12) 


Equation  (4,4)  may  then  be  solved  to  give  the  physically  acceptable  root  for 
such  a  shock  wave. 


U,  =  KTjn^. 
I  o  o 


(4.13) 


Substituting  this  value  of 
of 


Uj  into  equation  (4.  5)  gives  a  radiation  flux  escape 


^2^  2 
R  T 

o 


(4.14) 


This  value  of  Fj,  is  the  absolute  maximum  of  flux  transport  to  great  dis¬ 
tances  in  any  sit^tion.  Note  that  this  flux  is  always  less  than  the  kinetic 
energy  flow  term,  mu“/2.  For  extremely  strong  shocks,  almost  the  entire 
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kinetic  energy  is  converted  into  radiation  flux.  Further  th« 

Sion  ratio,  fi  f =  i/U  -  «.  ^/ht  tt-  *  i  mass  compres. 

^  -  %  /RT^  (from  equation  {4.  i  3))  becomes  large 

for  large  Mach  numberw  tk^  lur  .^u  _ _ » _  j.  .  ^ 


C  l  ”  - uccomes  large 

for  large  Mach  numbers.  The  Mach  number  for  an  isoth*»rm=.i  .u  u  -a 

fined  by  M  ^  .  u  ^RT  .  >»othermai  .hock  i.  dc- 


For  strong  shocks  in  air,  radiation  flux  eacan#  wsa*,  u  ■  f~ 

Of  .C.  on  .h.  «-^--Hugoniof  c^ondii^n,.  .T4‘‘::'dt.*<:L"tr' 

conditioS.  (  horn  2quation.‘(3.  6)  and  (3. then’^  ' 


™“o  ■  *Pi  +  niu. 


(4.  15) 


and 


m 


aT 


4 


IT 


=  m(E, 


(4,  i6) 


where 


m 


-e. 


U  ~  fi  \X 

o  o  '  1  i* 


We  will  take 


a  c  T 


i 


^  dji  +  T  /z 


Tzrsr 


{4.  17} 


which  approximates  the  radiation  flux  escape,  F  bv  black  hrty^  a-  *■ 
with  a  sharp  cutoff  at  I860  A  (depletion  of  uJtraviSet).^  ^  ^  radiation 


Equations  (4.  15)  and  (4.  l6)  may  be  put  into  the  forms 

4 


U 


2  Pi  c  f  , 

r  *  _  A  ,,  1  .  a  1 

o  -  aTT*/^'  +1  -75p^ 


(4.  18) 


and 


A  = 


2  El  + 


7aT 


P,  + 1  T,  ■  2^e/“o 


(4.  19) 


where 


~  compression  ratio. 


(4.20) 


(4.  19,  an{^4*^V)t:;^  '«), 

(/»  )  and  temperature  behind  shock  tT  \  Peciiied  ambient  density 

Tatle  II.  '  1^-  --'““Its  a-'e  given  in 


-  225  - 


Table  H 


.  ThermcNlynamic  pai’ameteri  for  stroag  radiativ’e 
■hocke  is  air.  h  it  the  altitude  above  tea  lex'el 
that  ^  corretpondt  to. 


y^Cgm/cm^l 

h(ft) 

TCK) 

A 

u^(cm/*ec) 

%(€yg»/ca?ied 

0 

1.10X10*^ 

4X  10^ 

'la* 

11.65 

7.27  X  10® 

l.94Xlf^^ 

21.7 

1.3X  11 

U.37 

9.51  X  10® 

4,30X10^^ 

28.4 

li® 

9,83 

4.14  X  10® 

4,91 X 10^® 

123 

10® 

7.44 

1.84  X  10^ 

1.69  X  10^® 

550 

3.11 X 10“* 

4  X  10^ 

10^ 

12.82 

8.00  X  10® 

1.94  X 10^® 

27,1 

1.1  X  1C 

I**  13,11 

8.85  X  10® 

2,60 X 10^^ 

30.0 

10® 

10.01 

4.51  X  10® 

4.91  X 10^® 

153 

10® 

f » oZ 

1.97  X  10^ 

1.69  X  10^® 

668 

1.67  X  10’^ 

10^ 

ro" 

15.18 

9.50  X  10® 

1.94  X 10^^ 

31.0 

10® 

11.40 

5.50  X  10® 

4.91 X 10®® 

180 

10® 

8.13 

2.46  X  lo’^ 

1.69  X  10^® 

804 

1,26  X  10“^ 

1..6X10® 

lO'^ 

ZO  til 

1.11  X  10® 

11 

1,94  X  10 

33.0 

1.5  X  10 

^  21,02 

1.59  X  10® 

6.51  X  10^^ 

47.2 

10® 

16.33 

7.00X  10® 

4.91  X 10^® 

206 

10® 

7.39 

5.21 X 10^ 

1.69X10®  1551' 

4.11  X 10”® 

23X10® 

10^ 

84«  64 

2.27  X 10® 

1.94 X  10®^ 

80.8 

1.2  X  10 

*  88.59 

2.74X  10® 

3. 38 X  10^^ 

97,6 

10® 

64.31 

1.45  X  10^ 

4,91 X 10®® 

517 

10® 

7.04 

2,68X  10® 

1.69X  10® 

955 

With  thit  model,  it  it  teen  that  the  comprestion  ratio  (A 
becomet  larger  for  low  ambient  denaitiec.  The  maximum  value  of  A 
obtained  by  computation  for  each  ambient  dentity,  it  included  in  Table  II. 
Alto,  note  that  the  comprettion  ratio  approachet  the  value  teven  for  high 
lemperaturea  in  each  dentity  cate.  Thit  it  a  retult  of  the  increaalng  impaor— 
tanoe  of  radiation  prttture. 

The  effect  of  '*radiation  etcape'^  on  the  Rankine-Hugoniot  conditiont 
it  tiuui  fou^  to  be  a  lowering  of  the  temperature  Jump  acrott  the  thock  and 
an  increate  in  the  comprettion  ratio.  Thit  retult  may  have  interetting  attro* 
phytical  applicationt,  e.g.  in  the  interpretation  of  dotdde  tpectral  linet  in 
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Cepheidt,  and  large  denaity  fluctuation*  in  interstellar  gaa  cloud*. 

Further,  the  large  compreaaion  brou^t  about  by  •ufficicntly  fa*t  radiation 
eacape  make*  ahock  amplification  of  a  magnetic  field  in  a  highly  conducting 
plasma  an  interesting  possibility.  Ordinarily,  such  amplification  is  linruted 
by  the  finite  compression  H  !)/(  3?'-  1)  )  across  the  shock  front.  27  Such 
amplificatioti,  if  possible,  would  have  useful  applications  in  laboratory  and 
cosmic  physic*. 

V»  mjl^YEOMACafJETIC  RAPIATIOH  FROM  AK  ELECTRON  PLASMA 

The  <pte*tlon  under  what  condition*  an  electron  plasma  can  radiate 
electromagnetic  energy  that  can  escape  out  of  the  plasma  atmosphere  I*  an 
interesting  but  aa  yet  unaolved  problem.  The  problem,  when  solved,  would 
have  Important  ap^cationa  as  a  Ishoratory  source  of  sub-millimeter  waves 
and  in  astrophyslcal  theories  of  the  generation  of  solar  radio  noise.  High 
enough  ion  deasltie*  can  be  obtained  in  shock  tubes"  for  plasma  wave  length* 
of  S0|j<  to  500^,  Ionisation  relaxation,  may  widen  the  shock  fronts  in  a  plasma 
to  the  order  of  a  few  micron*.  28  There  is  thus  good  possibility  for  the  match¬ 
ing  of  the  plasma  wave  length  with  the  shock  width,  which  would  favor  the  gen¬ 
eration  of  stib- millimeter  wave*. 

The  sun  during  disturbed  period*  sends  out  burst*^^  of  microwave 
noise  in  the  meter  wavelengths,  that  interpreted  in  term*  of  Planckian  tem¬ 
perature  amount*  to  a  very  high  order  of  magnitude  (10®  -  10^®  *10.  This 
has  led  several  worker*  to  suggest  a  non-equilibrium  process  for  the  origin 
of  these  bursts.  An  important  mechanism  that  ha*  been  extensively  diseased 
in  the  literature  is  s^ce-charge  wave  amplification  in  moving  plasma*. 
JDenisse  and  Rocard^  attributed  the  bursts  to  the  excitation  of  electronic  os¬ 
cillations  by  shock  fronts  propagating  in  the  solar  atmosphere,  that  may  very 
well  be  regarded  as  a  highly  ionised  plasma.  These  shock  waves  could  arise 
by  several  means,  such  as  corpuscles  shot  out  during  solar  flares  that  give 
rise  to  magnetic  storms  and  aurorae,  ejection  of  spicules,  prominence  mo¬ 
tion,  etc. 

Benisse  and  Rocard  showed  that  the  electron  velocity  distribution  in 
the  shock  front  propagating  in  a  plasma  would  not  remain  JMaxweUlan,  but 
would  develop  a  secondary  hump  at  a  velocity  exceeding  the  mean  thermal 
electron  motion.  The  latter  is  the  criterion  stated  by  Landau®^  for  space 
charge  wave  amplification  in  moving,  interacting  plasmas.  Hence,  they  con¬ 
cluded  that  electronic  oscillations  would  be  excited  by  the  fast  moving  elec¬ 
trons  in  the  secondary  hump,  and  applied  their  theory  to  explain  the  observed 
fine  structure  of  solar  radio  noise. 

Denisse  and  Rocard,  however,  used  the  Rnskog-Chapman  approxima¬ 
tion  in  their  analysis.  Wang  Cluuigl^  had  pointed  out  that  the  Bnskog- Chap  man 
method,  on  account  slow  convergence,  was  applicable  only  to  very  weak 

shocks.  Mott«^mith®2  had  indicated  a  promising  method  to  find  the  velocity 
distribution  for  a  strong  shock.  He  remarked,  considerable  number  of  the 
Maxwellian  molecules  of  the  boimding  supersonic  and  subsonic  streams  pene¬ 
trate  into  the  shock.  **  He  therefore  assumed  the  required  velocity  distribution 
function  to  be  a  sum  of  two  Maxwellian  terms  with  temperatures  and  mean 
velocities  corresponding  to  the  subsonic  and  supersonic  streams.  Sen^®  applied 
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the  Mott -Smith  interpolation  formula  to  extend  the  Denisse-Rocard  conclu¬ 
sions  to  strong  shocks  as  well,  and  obtained  frequency  bandwidths  of  ampli¬ 
fications  that  decreased  with  the  shock  strength.  It  was  believed  that  the  dis¬ 
continuity  at  the  shock  front  would  favor  conversion  of  space  charge  wave 
energy  into  electromagnetic  radiation. 


There  is,  however,  a  difficulty  in  the  above  method  of  approach,  that 
requires  clarification,  viz,,  the  wide  disparity  in  the  plasma  wavelength 
meter)  and  the  shock  width  (mean  free  path  kilometer)  in  the  solar  at¬ 
mosphere.  It  appears  to  the  authors  that  the  dillTcuHy  may  be  resolved  by  a 
result  obtained  by  Cowling*'^  in  a  very  early  paper,  m  which  he  discussed 
the  influence  of  diffusion  on  the  propagation  of  shock  waves  through  a  gas- 
mixture. 


The  differences  of  pressure  (and  temperature)  in  a  shock  wave  give 
rise  to  diffusion.  The  direction  of  the  diffusion  is  such  that  the  heavier  par¬ 
ticles  move  towards  the  higher  pressure  (and  temperature)  regions.  The 
effects  are  small  when  the  masses  of  the  components  of  the  mixture  are  not 
appreciably  different.  But  when  there  is  a  large  mass  ratio,  diffusion  effects 
are  quite  comparable  with  those  of  viscosity  and  thermal  conduction  in  shock 
propagation.  Cowling  makes  the  following  remarks  in  his  paper,  that  are 
relevant  to  our  case:  "There  is  observational  evidence  of  the  existence  of 
velocities  comparable  with  the  velocity  of  sound  in  stellar  atmospheres;  in 
the  resulting  shock  waves  the  mutual  diffusion  of  ions  and  electrons  would  be 
important". 

Cowling  considered  a  gas-mixture  of  hydrogen  and  oxygen  molecules. 
In  a  plasma,  a  separation  of  the  ions  from  the  electrons  will  polarize  the  me¬ 
dium  and  create  and  electrostatic  field  which  will  work  against  the  charge 
separation.  Denisse  and  Rocardl^  estimated  that  th%  electric  polarization 
would  be  a  very  effective  means  of  limiting  the  diffusion  effects  in  the  solar 
atmosphere.  They  however  conceded  that  the  polarization  could  be  important 
in  an  atmosphere  more  concentrated  than  the  solar.* 

28 

Experiments  at  Los  A].amos  indicated  the  existence  of  a  positive 
electric  potential  in  strong  gaseous  shock  fronts,  the  strength  of  the  potential 
increasing  rapidly  with  the  shock  strength.  Bond,^®  by  a  theoretical  analysis 
based  on  ionization  relaxation,  obtained  results  in  qualitative  agreement  with 
these  experiments.  The  ionization  starts  ^“om  atom-atom  collisions  and  sub¬ 
sequently  builds  up  rapidly  behind  the  shC'  k  by  electron -atom  collisions.  This 
creates  sm  electron  density  gradient  in  the  gas,  that  makes  the  electrons  diffuse 
out  to  the  front.  The  ions,  on  account  of  their  greater  mass,  do  not  share  in 
this  diffusion.  The  consequent  charge  separation  and  electric  field  soon  pre¬ 
vents  the  electron  diffusion. 


The  authors  have  made  a  self-consistent  field  analysis  of  the  electric 
field  due  to  diffusion  in  a  shock  front.  The  analysis  points  to  certain  interesting 
considerations  as  to  whether  the  Debye  length  should  be  the  limiting  distance  for, 
charge  separation  in  a  plasma  shock.  As  the  computations  are  not  yet  complete, 
the  results  are  not  reported  in  this  paper. 
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Bond  found  th«  charge  denaity  due  to  the  diCfuiion  of  electrons 
toward  the  shock  front  to  he  relatively  small  and  to  occur  in  a  distance  rough¬ 
ly  of  the  order  of  the  Debye  length.  Hence,  a  positive  potential  difference 
and  a  large  electric  field  was  established  in  the  shock  front.  Bond  used  his 
analysis  to  estimate  the  time  re<|uired  to  reach  ionisation  equilibrium  behind 
a  strong  shock  wave  in  argon,  Fetschek^^reconsidered  the  problem,  taking 
account  of  the  fact  that  in  ionisation  by  electron -atom  collisionf,  che  electrons 
have  inelastic  collisions  that  cool  them  to  a  lower  temperature  than  the  atoms. 
He  performed  diffusion  potential  measuremeati  and  ©Gained  the  electron 
density  gradient  from  the  electric  field.  This  was  found  to  be  In  agreement 
with  the  values  obtained  from  measurements  of  the  intensity  of  the  continuum 
radiation  from  the  gat. 

The  posiiblity  of  obtaining  electron  density  gradients  and  electric 
fields  within  a  Debye  distance  in  a  shock  front  in  a  plasma  makes  the  con¬ 
ditions  for  space  charge  wave  amplification  to  shoc-k  waves  to  the  solpr  at¬ 
mosphere  much  more  favorable.  The  Debye  length,  h,  Is  given  by^ 

h  s  {kT/4irn^e^/^^  =  6.  tO  fT/n^}^/^  fS.  i) 

where  k  is  the  Boltamaan  constant.,  T  temperature,  n  electron  density 
and  e  charge  of  electron  (e.  s.  units). 

Setting  coronal  values  T  s  lO^*K|jR  s  10®  cm*^  to  (5.0),  we 
have  hostl  cm.  The  wavelength  of  the  solar  radio  noise  to  space  is  m. 

If  we  take  the  plasma  wavelength  to  be  given  by 

where  af*  is  the  velocity  of  the  exciting  corpusclesddSOO  km/s  auad  il  *  fre¬ 
quency  of  outburst^! 00  me/ a,  we  have  cm.  Thus  toere  is  close 

match  between  the  plasma  wavelength  and  ^Ihe  Debye  distance  within  which 
obtain  the  electron  density  gradient  and  the  electric  field.  It  can  be  shown 
that  this  condition  is  most  favorable  to  space  charge  wave  amplification. 

One  remarkable  fact  is  that  the  kinetic  energy  available  to  the 
moving  solar  material  is  many  orders  of  magnitude  (<£3dl0^)  greater  than  the 
solar  radio  noise  flux.  It  follows  from  this  that  a  very  small  efficiency 
would  s'uffics  to  the  physical  mechanism  of  conversion  of  space-charge  wave 
into  electromagnetic  radiation  energy.  In  other  words,  there  need  only  be 
a  very  weak  coupling  between  the  longitudinal  plasma  and  transverse  electro¬ 
magnetic  waves.  This  coupling  may  be  provided  by  a  transverse  magnetic 
field,  or  mass  velocity,  or  nonlinear  effects. 

A  small  signal  (sinusoidal  oscillations)  theory  is  clearly  not 
sufficient  to  explain  the  abnormally  high  intensity  of  solar  radio  outbursts, 
and  a  non-linear  treatment  is  essential.  Such  a  theory  received  added  interest 
from  the  discovery  by  Australian  workers  of  the  second  harmonic  component 
in  solar  noise,  which  was  comparable  with  the  fundamental  in  intenstiy. 

Sen'^”  developed  a  non-linear  theory  of  space-charge  waves  in  moving,  inter¬ 
acting  electron  beams  to  explain  these  results.  Figure  3  shows  the  consider¬ 
able  anharmonicity  of  the  steady- state  oscillation  curves  of  the  electric  field. 
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Two  interesting  papers  by  Japanese  workers  may  be  mentioned  in 
this  connection.  The  first  paper^^extends  the  Bohm  and  Pines  plasma  os¬ 
cillation  theory  to  involve  coupling  between  longitudinal  and  transverse  oc- 
cillations.  The  coupling  arises  from  quantum  fluctuation  of  the  electrons 
interacting  with  the  electromagnetic  field.  The  efficiency  factor  of  conver¬ 
sion  is  comparable  with  the  one  quoted  above.  The  second  paper^®  describes 
the  experimental  detection  of  microwave  noise  (14  mc/s)  radiated  by  the  de¬ 
tonation  of  explosives.  The  noise  is  attributed  to  electric  impulse  generated 
by  sudden  acceleration  of  electrons,  e.g. ,  by  ionization  of  recombination  at 
shock  front, 
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In  a  very  recent  paper,  Sturrock  has  considered  the  non-linear 
effects  in  electron  plasmas  by  a  perturbation  method,  and  interpreted  the 
effects  as  the  result  of  collisions  between  plasmons.  He  finds  that  the  ex¬ 
change  of  energy  between  the  longitudinal  and  transverse  modes  must  be  an 
incoherent,  second-order  effect.  He  has  studied  the  incoherent  interaction 
which  is  responsible  for  spectral  decay,  that  is,  the  dissipation  of  organized 
large-scale  into  disorganized  small-scale  motion.  To  a  certain  stage  of  ap¬ 
proximation,  purely  one-dimensional  spectra  do  not  exhibit  any  spectral  decay. 
He  gives  the  following  interesting  formula  for  the  time  T  in  which  a  spectrum, 
which  is  almost  one-dimensional,  approaches  isotropy: 

T  rne  CJ>p,  (5.3) 

where  Qu  i*  (angular)  frequency,  D  the  depth  of  modulation  (ratio  of 
variation  of  electron  density  to  mean  electron  density),  and  £  the  angle  of 
collimation  (characterizing  the  initial  anisotropy),  of  the  plasma  oscillations. 


Sturrock  explains  the  anomalous  rapid  decay  of  the  plasma  oscilla¬ 
tions  in  Merrill  and  Webb's  experiment  by  relation  (5.  3),  We  shall  apply 

(5.3)  to  the  solar  atmosphere.  If  we  use  the  diffraction  formula  for  B,  viz., 
B  =Xp/d,  where  Ap  is  the  plasma  wavelength  and  £  the  diameter  of  the 
source  of  oscillations,  and  estimate  Xp  to  be  given  by  Zw/X'p  =  €tJ  / 

•where  is  the  velocity  of  the  moving  electron  beam,  we  may  transform 

(5.3)  into 

T  =  d/irD^.  (5.4) 

For  the  motion  of  a  typical  prominence,  we  may  take  d  =  6000  km, 
'if'=  500  km/sec  and  D  =  0.  3  (30%  modulation).  Then  formula  (5.4)  gives 
T  =  2  min.  This  is  of  the  order  of  the  lifetime  of  a  typical  solar  outburst. 
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steady-state  oscillation  curves  of  t 
The  lower  scale  of  the  abscissa  refers  to  Curv^  A  a 
refers  to  Curve  C. 


SWCSCK  WAVE  CAIXOLATK^S  rOR  lilGII  TEMPER  ATWRE  GJi'.ES 


J,  O*  T«*r-# 
Avc^  R«tt.*rcli 


t  mmootscTim 

riifhl  in  t»c###  IS, 00©  ftti  |Nrr  itcttrvd  ili« 

E*rth*«  mr#  UabI*  *©  b#  #«c©©©t«r«d  b«for*  mwsa«'l  *p*c«  flight 

b«com«s  c©Rtmon|iiiic*,  aiKi  many  rtmain  la  bt'  4.afw<trfd  libaui 

th«  h«lyitviar  af  thu  g*»  hthiwd  ’Kfay##  ©a  b©di«*  iriivt.lysg  *i  *«k*is 

Th«  ndiMton  from  th©  §*#,  Itf  «l«ciricii.l  pro|p«rtiti,  »n4  ih«  h««i  ir»«tf#r 
t©  tht  body  lurf'ic*  ar#  nil  of  ijnttr«il,  itad  *11  lh,r«*  can  b»  aifact'td  by  chtml- 
cai  kinttic  affacl*  wh««  iii«  .fl'Ow  iim«»  bacofwi  co#ii|»a.r*Wt  with  ih«  chimical 
rcljptalton  timti,  A  iF«ai  daal  .rnttii  b«  i«ar»*d  btfora  »wich  «ff«ci«  bacom# 
calcuiabla,  and  much  of  the  work  at  th*  Avco  Rtitarch  Laboratory  ii  dlrcettd 
lowardi,  fortharing  the  ©nda ralwidiRg  of  the  chamkal  phyaict  of  hyptraonic 
Otghi. 


Some  of  the  phanomanii  obaervad  in  air  art  vary  complicaitd, 
and  in  atlempta  to  clarify  th«  aitualion  many  shock  iwba  aieparimenli  have 
been  carried  out  in  other  gaa  mtxlurei.  In  the  eificicnt  operation  of  a  ahock 
tube  facility  cngagud  In  thia  typta  of  work,  It  hat  been  found  a  great  ataat  to 
be  able  to  calculate  readily  the  thock  tube  condltiont  for  any  gaa  mixture. 
There  are  additional  problema  in  the  interpretation  of  the  experimental  ob- 
aervationa  obtained  during  the  interval  betwean  the  arrival  of  the  ahock  wave 
artd  the  eatabliahmeni  of  equilibrium  condltiont,  and  the  calculation  proce- 
duret  to  be  deacribed  have  been  of  aaaiatance  in,  for  example,  the  deter¬ 
mination  of  rate  conatanta  in  chemical  kinetics  experiroenta. 

Thus  the  purpoac  of  the  present  paper  it  threefold:  To  deacribc 
two  calculation  method#  which  have  been  used,  to  outline  the  eadtent  of  the 
accumultated  results  and  to  point  out  the  application  to  e3q)erimental  chemical 
kinetics. 


A  brief  introductory  discussion  of  the  behavior  of  high  tempera 
ture  gas  is  presented  with  apologies  to  those  thoroughly  familiar  with  this 
subject. 

n.  "REAL  GAS"  EFFECTS 


In  many  compressible  flow  applications  the  gas  temperature  re¬ 
mains  fairly  low  and  variations  in  specific  heat  are  negligible.  In  such  a  case 
the  well-known  Rankine-Hugoniot  relationships  describe  the  flow  across  a 
shock  wave,  and  all  fluid  property  ratios  can  be  expressed  analytically  in 
terms  of  a  single  variable,  usually  chosen  to  be  the  Mach  number  in  the  in¬ 
cident  flow.  For  example, 

^  =  /+  1 

1  +  2/M^ 
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MM€h  Runifeer  Appf'SNicliri  infmit>> 


A*  lliff  iemp<rr*imr«  ulf  tli«  {Aa  rif#»  3lh«r  «f» 

ftci#  cum#  t«s»  **  4iicytfe«l  by  I5eih#  aii4  TtUertU'.  Far  a  diAismtc 

f*i.  maIrculAf  vibrAiian  incr#***!  lb#  hcAi  cAp*ciliei,  And  lby«  reducet 
Y ,  IC  no  oih#r  wtre  la-  t*ite  prrceifence.  the  valu#  ol  Y  #foai4  d#- 

cr#A»#  loward#  fi?  a»  ih«  gliock  iirengtb  incremfrd,  and  the  dentiiy  ratio 
i«p:o«l€l  Approach  «  limiunf  v«t«€  of  eight. 

TemperAlwr#  and  deniify  raiio#  far  «ir  for  both  the  above  cate# 
are  ihown  veray*  Mach  number  a#  the  dathed  curvea  in  Figure  1.  In  both 
CAaei  the  curv«»  are  independent  of  the  abtolute  level  of  denaiiy,  but  the 
amount  of  energy  abaorbed  in  molecular  vibration  it  a  function  of  tempera¬ 
ture,  which  tmplici  that  the  vtbralsonal  e<|uilibrtum  curve#  are  dependent  on 
temperature  level,  and  ihua  on 

However,  in  general  thia  dependence  on  Ti  ta  completely 
averahadowed  by  diaaociatton  and  ionieation  effect#  which  are  atrongly  de¬ 
pendent  on  denaity.  When  the  t-crnpcralure  of  the  gaa  become#  high  enough 
for  diaaociation  or  ionization  to  occur,  the  energy  per  unit  maaa  of  gaa  be¬ 
come#  a  function  of  both  temperature  and  denaity.  For  argon -free  air,  for 
cscampic,  the  variation  of  the  equilibrium  fluid  properlic#  for  T  and  ia 
ahown  in  Table  I. 


Table  I 


PROPERTIES  OF  ARGON  FREE  AIR  DATA 
OF  HILSENRATH  AND  BECKETT^^^ 


^0  =  '- 

288  X  10"^  gm/cm 

3 

T*K 

273 

2000 

5000 

10,000 

=  1 

E/R  2.5 

2.  982 

5.  169 

11.230 

pV/RT  1.0 

I. 0000 

1.1456 

1.7601 

/^//>  =  10“^ 

O 

E/RT  2.5 

2.  996 

6.427 

14. 888 

pV/RT  1.0 

1.0005 

1.2387 

2.0501 

11 

o 

E/RT  2.5 

3.  144 

11.940 

22.662 

pV/RT  1.0 

1.0055 

1.4872 

2.4845 

/>//>  =  lO'^ 

0 

E/RT  2.5 

4.432 

22.656 

46.055 

pV/RT  1.0 

1.0490 

1.9628 

3.7901 

The  excitation  of  the  "inert"^  ^  degrees  of  freedom  of  the  gas 
particles  introduces  the  further  complication  of  chemical  relaxation.  The 
translational  and  rotational  modes  equilibrate  after  very  few  collisions  be¬ 
tween  the  particles,  but  the  vibrational  and  dissociation  processes  take  much 
longer.  For  example,  in  oxygen  at  3500 ®K  the  vibrational  and  dissociation 
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3  § 

10  aai  10  '  calliilim  to  r«icl»  e«|«itil>rtiim,  Thui 
*lr  patiiag  through  »  atrgmg  chock  wave  •iJl  b#  incuiRlaneottciy  hrsicd  to  th« 
tcirspcfctura  to  I'  ■  1,4,  th#  ■tthcc^titi  "rclaxa.ti&n'*  to  Iht 

equilibrium  comJitionc  miy  take  itvcral  microcccowdc. 

Comfilctc  dcccrtptioo  of  the  gat  con«litio«»  bthiad  cirong  chock 
wcsrci  thuc  require*  knocrlcclge  both  of  th#  e«|uiybri«m  •ituaiion  end  of  any 
oo«-€q«llibrium  phenomen*  m  the  rticxmfion  regttm.  The  next  two  cectiont 
will  be  cooftned  to  equilibrium  cclculciionc,  bat  come  dtccuecitm  of  relax*" 
tioa  in  oxygen-argem  mixturec  will  be  givtii  m  §  S* 

lif.  EQUILIBRIIIM  CALCVLATiOm  FOR  ARGON* FEES  AIR 


From  coatinuitf*  momentum  and  energy  concideration*  we  may 
obtain  rclationihipc  for  onc-dimencional  flow  through  a  normal  chock  wave 
in  the  form 


%  -  ‘i'Pb 

a  0 

Cl) 

,,  2  ^ 

>• 

C2) 

U.  =  U  />  /A 
b  a  a  '^b 

(3) 

where  the  cubccriptc  a  and  b  denote,  respectively,  conditions  upstream 
and  downstream  of  the  shock,  and  where  the  velocities  are  measured  rela¬ 
tive  to  the  shock  front. 

When  and  are  known  functions  of  and  Eq.  (1) 

can  be  used  to  determine  if  and  E^,  p^,  are  all  specified. 

Once  /i  is  determined,  the  values  of  U  and  U.  follow  from  Eqs.  (2) 

and  (3).^  a  b 

For  argon-free  air  the  equilibrium  values  of  E  and  p  have 
been  tabulated  by  Hilsenrath  and  Beckett,  (2)  for  temperatures  up  to  15000  ®K 
and  for  a  wide  range  of  density. 

Using  the  tables,  it  is  possible  to  specify  a  value  of  T^,,  assume 
a  value  of  interpolate  for  the  appropriate  E^  and  pjj,  and  then  iterate 

on  until  Eq.  (I)  is  satisfied.  Then  from  Eq.  (2)  we  may  determine  the 
shock  speed  necessary  to  produce  the  specified  temperature  Tj,.  The  results 
of  such  a  procedure  are  illustrated  by  the  solid  curves  of  Fig.  1.  for  a  normal 
shock  moving  into  air  at  300 ®K  and  at  various  pressures.  In  this  coordinate 
system  U  =  and  U,  =  U  (1  - 

The  same  procedure  may  be  applied  to  a  reflected  shock,  as 
shown  in  Fig.  2.  Here,  however,  we  are  not  free  to  specify  Tjj,  but  must 
determine  both  T^,  and  such  that  ■  Ugj.  and  Ug  =  U2  +  This 

involves  a  double  iteration  and  double  interpolation  procedure. 


-  239  - 


NWMsr''' 


•k«k  t«  fr®at  9f  II  m  a  ali^,k  ciA#.  Obii^a  afe^clta  W.3* 

laaa  cmmpUernMS,  timm  It  it  mmmMf  m9€m9mrfm  •§!«  «i  ‘l  ||  . 

IhLr^mullT^tm  •«*^^**'^**  **»  «  •p«ifl#«l  mti  jf*  Tk^ 

ta^a  angla  u&m  rfaCecito®  «#ceaa«Tf  is  prsine#  iJsat 

ara  th«a  i«t#rmi»ai  from  lii*  rmUnm^MpM, . “  ratio 

a  jt  .i.  f*#i<«iiMia  oasi  ifct  ,4¥€'ii  M*#«arck  l-a^eratorv  coatoatt^r 
appllatf  tk9m  c*lcnI*tfoti  pro«ilit.r*«  to  III*  mhU^  mi  mirnmr^  Mmd  il%L, 
to  pr&4m9  tk*  coa^mmrnt  of  cltari*  te  ,Eaf.  3.  Sfcocita  *r*  ciJirSLti  * 

S£k  W°hI‘i  ••'*  “'‘i®  **•  ®00  «/••€.  Md  f»r 

coMUat  P  Md  cim.t..t  dV/RT,  *»r«l«nsr^.d 

from  l.o*»B  ud  TriiBor.  W  '  “  »"“«  •!*••<  c<mt(«r.  ot>CBl.*d 

JEQIIILJBEWM  GAX*CIII^TI0I€S 

»«lhsi*  BBity  Ito  to  »ay  *a*  fof  wi»f,-f, 

aona  of  oijuaibirfsia  fluij  |irop®rtt«*  «r«  airmUiiM*.  Fqw  mw  ojcF*«*-iiitrfi*#« 

mixture  ioch  t*liwu*aofia  csiild  oad©«lite4lY' B*  coaatntcterf  * 

ataaattcal  michamlca  aomrcea  aaei  1«  E^;  E*  JkT 

calcttlattoaa  are  reaiiJreC  for  amay  ^ea-nitre*^  Ii  *♦. 

without  aoble  oa*  dilaeat*  It  iT^L^f^f  »lxtmrea,  both  with  xai 

*M*w«*,  «»oie  g*a  ojmeata,  it  it  worthwhile  piiuilnff  to  rn^rmimm  #k* 

of  bypat tiag  the  tobulaaoa  procedure.  ^  *  ®»miae  the  potalblllty 

d  th. 

For  the  i  tpecle*  ia  *  gat  mixture  w#  may  write 
«!  =  VQ.  exp  (/x./kT) 

where  14  i.  the  number  of  pnrliele,  in  the  volume  V,  i.  fte  chemical 
potentinl,  and  Qj  la  a  function  of  temperature  T  only,  VQ  being  the  par- 

titioa  fuactloa  for  the  tpcciet  (tee,  for  example,  Ref.  5). 

Then  n.  =  where  =  exp  (M^/kT).  Now  for  equilibrium 


of  the  reaction  N  4-  N  we  must  have 


n*  +  e. 


or  A 


Nr 


we  require  /d. 


^N* 


N, 


*  /i 


Similarly,  for  equilibrium  of  N~ 

2  2 

^N2  ~  '^N  ^e* 

It  is  thus  clear  that  the  chemical  potentials  of  all  the 
present  in  an  oxygen-nitrogen-argon  naixture  can  be  represented  in  term*  nf 
four  fuadammital  variables  and  4,  as  tSi. 


All  {h«  ilitrmo4yTmm.tc  pr&f>ertt«i  c*a  now  be  enspretteiJ  com 


p^ctly  ••  CoUowi 


Equation  (1)  thus  becomes 


If  Qj  and  -jy'  tabulated  functions  of  T,  then  for  a  specified  value  of 
Eq,  (4)  involves  five  unknowns,  and 

The  conservation  of  the  various  species  yields  the  following; 

n^  +  n^  =  Total  argon  present 

i.e.,  (q.  +Q//A,)  =  Total  argon  per  vmit  volume  (5) 


Similarly 


Total  nitrogen  per  unit  volume 
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il  0  ^ 


♦  %\%* 

I 


HO 


®o  _  -  ■'n  ®No 

♦-f’  \Qo*-'A - 

0  C 


«  Toml  oxygtii  p«r  «i*it  volume 


(T) 


Jiisd  for  ilie  etectfono 

‘  \  \Qo-  *  %  >^o  %. 


(8) 


giving  four  more  r«l*tic»»hlpt  b«t»e«ii  the  five  vmrlmbiee.  The  complete 
dclerminution  of  the  conditione  behind  a  shock  wave  which  produces  an  ar¬ 
bitrary  temperattire  T  in  an  arbitrary  0-  -  -  A  mixture  thus  evolves 

from  the  solution  of  five  nea-Unear  algebraic  cqtiationa. 


The  prime  advantage  of  the  above  method,  apart  from  an  added 
fleadbility  to  be  diseitssed  taler,  is  In  the  fact  that  all  the  fluid  properties 
and  particle  concentrations  behind  the  shock  wav#  can  be  immediately  ob¬ 
tained  once  the  algebraic  equations  have  been  solved.  For  moving  and  ob¬ 
lique  shocks,  the  soluticai  of  the  algebrair  equations  replaces  the  iterative 
interpolation  i  ihe  tables  of  fluid  properties,  while  for  reflected  and  stand¬ 
ing  shocks  the  double  interpolation  in  replaced  by  a  single  interpolation  in 
the  tablet  of  Qj  and  dQ|/dT, 

This  procedure,  initiated  by  M.M.  Litvak  and  described  in  an 
Avco  Research  Laboratory  internal  report,  was  programmed  for  an  EiM  650 
computer  by  W.M.Wolf,  *  A  prerequisite  for  the  shock  wave  calculations 
was  the  computation  of  the  partition  functions  and  their  derivatives,  initiated 
by  Wolf  and  expanded  by  C.L.  Keeler.  The  resultant  Qj  and  dQi/dT  values 
have  subsequently  been  compared  with  the  tabulations  of  Logan  and  Treanori"^' 
with  excellent  agreement. 


Specific  adaptations  of  the  above  method  have  proved  extremely 
useful  in  permitting  the  rapid  determination  of  equilibrium  conditions  for 
various  gas  mixtures  of  interest  in  shock  tube  experiments,  A  broad  survey 
of  an  area  can  be  readily  undertaken  and  detailed  investigation  confined  to 
the  regions  of  experimental  promise.  Some  of  the  results  are  presented  in 
Ref,  6, 


The  r^.ethod  has  also  been  used  in  a  modified  form  to  produce 
tabulations  of  £  and  p  as  functions  of  T  and  /°  for  pure  nitrogen.  These 
tabulations  were  then  handled  by  the  method  of  ^  3  to  yield  the  shock  tube 
charts  of  Ref,  7,  In  addition,  equilibrium  calculations  for  argon-free  air 
have  been  carried  out  in  the  range  1000  “K  through  2000  ®K  for  the  purpose 
of  obtaining  the  electron  concentrations  in  this  range. '8/ 

^  '  '  *  ’jjc  ‘  ^  ‘  ^  *  -  •  I'l  L  ri  n-w-i-i  ji-  T-ni  r-  r--i  ifT  i  i-  -  i  i  i  ¥  i  i  ii  -  t'  I  r  r  t'  .  ■  ,  m  r  “w 

William  M,  Wolf  Company,  Boston,  Mass. 
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V. 


APPLICATION  TO  NON-EQUILIBRIUM  CONDITIONS 


Tilt  method  of  §  4  offer*  »ome  immediate  advantages,  for 
example,  in  that  the  effect  of  vibrational  lag  of  a  particular  species  can  be 
studied  by  merely  modifying  the  partition  function*  to  exclude  the  vibrational 
state*  of  the  molecule.  Eqxiaily  simple  i»  the  "freezing*'  of  the  dissociation 
of  a  specie*  or  the  enforcement  of  a  specified  amount  of  dissociation  by 
"gerrymandering**  of  the  equilibrium  relationship*  implicit  in  Eq*.  (5),  {6), 

{!)  and  (8).  These  technique*  have  contributed  to  the  interpretation  of  the 
relaxation  experiment*  of  Camac  and  Petty  in  airt^)  and  other  gas  mixtures  (10). 

The  present  discussion  win  be  confined  to  the  less  complicated 
of  these,  the  relaxation  in  an  oxygen-argon  mixture.  Curve*  are  shown  for  a 
mixture  of  95%  argon,  5%  oxygen,  at  an  initial  pressure  0.5  cm  Hg.  Compu¬ 
tation  of  the  shock  conditions  for  various  specified  amount*  of  dissociation 
oc  in  this  mixture  lead*  to  the  temfxsrature  and  density  plots  of  Fig.  3.  The 
"frozen  vibration"  case  is  also  shown.  The  plots  indicate  that  a  shock  travel¬ 
ing  at  2.4  mm/^sec  would  instantaneously  raise  the  temperature  to  5300 •K. 

The  subsequent  vibrational  and  dissociative  relaxation  would  steadily  lower 
the  temperature  towards  the  equilibrium  value  of  4200*K,  while  the  density 
ratio  would  increase  from  3.77  towards  5.15.  The  rate  for  the  dissociation 
process  could  be  evaluated  if  it  were  possible  to  observe  the  time-history 
of  the  decrease  of  Oj  concentration.  Camac  has  obtained  such  re^xation 
histories  by  monitoring  the  absorption  of  ultra-violet  light  at  1470  A  by  the 
oxygen  molecules  in  the  ground  vibrational  state.  The  absorption  as  a  func¬ 
tion  of  oc  and  shock  speed  is  shown  in  Fig.  4,  a  schematic  view  of  the  ex¬ 
perimental  set-up  in  Fig.  5,  and  a  typical  time-ihistory  of  the  absorption  in 
Fig.  6. 


The  experiment  is  arranged  so  that  the  undisturbed  gas  mixture 
transmits  about  two-thirds  of  the  incident  light.  When  the  shock  passes  the 
window,  the  increased  molecule  density  due  to  the  shock  compression  de¬ 
creases  the  transmission.  Then  the  absorption  steadily  decreases  as  the 
molecules  dissociate. 

With  the  aid  of  Fig.  4  the  oscillogram  can  thus  be  interpreted 
as  an  oC-t  curve,  and  the  dissociative  rate  can  be  obtained.  In  regions  where 
the  equilibrium  dissociation  is  high,  the  vibrational  relaxation  occurs  too 
rapidly  to  be  observed,  but  at  lower  shock  speeds  an  increased  transmission 
occurs  as  the  depopulation  of  the  ground  vibrational  state  proceeds. 

Similar  procedures  aid  in  the  interpretation  of  other  non¬ 
equilibrium  phenomena  observed  in  shock  txibe  experiments.  The  flexibility 
of  the  method  outlined  in  ^  4  has  proved  highly  advantageous  in  this  connection. 

VI.  CONCLUSIONS 

Two  methods  of  calculating  the  gas  properties  behind  strong 
shock  waves  have  been  described.  Their  usefulness  in  both  equilibrium  and 
non-equilibrium  situations  has  been  evaltiated. 
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Symbols 


e  energy  of  gas  in  volume  V 

E  energy  per  unit  mass 

-16 

k  Boltzmann’s  constant  =  1.3804  X  10  ergs/’K 

m  mass  of  particle 

M  Mach  number 

n  number  of  particles  in  volume  V 

p  pressure 

Q  (partition  function)  -f-  V 

s  entropy  of  gas  in  volume  V 

T  temperature,  *K 

U  velocity 

U  velocity  of  incident  shock  wave  relative  to  shock-tube 

s 

U  velocity  of  reflected  shock  wave  relative  to  shock  tube 

S  I* 

V  volume 

OC  fraction  of  0^  dissociated 

£  energy  per  particle 

y  ratio  of  specific  leats 

^  exp  (^x/kT) 

^  chemical  potential 

density 

Subscripts 

a  upstream  of  shock  wave 

b  downstream  of  shock  wave 

.  th 

1  1  species 

1  initial  conditions  in  shock  tube 

2  behind  incident  shock  in  shock  tube 

4  behind  reflected  shock  in  shock  tube 
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Figure  3  Moving  Normai  Shock  in  5%  Oxygen,  95%  Argon. 
Pj  -  0.5  cm.  Hg.,  Tj  »  294°K. 
a  •*  fraction  of  O2  dissociated. 
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Figure  4  U.  V.  Traasmissioa  behind  Moving  Nwoukl  Shock  in  5%  Oxygen,  95%  Argon. 
Pj  ■  0.5  era.  Hg.,  Tj  ■  294°K.  a  «  fr*ctioo  of  O2  dissociated. 


Figure  5  AppMntu.  for  the  Measurement  of  g  Schematic  Oscillogram 

Molecular  Oxygen  Concentration. 
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t'  y.  ”  on  mQ4mU.  The  uniform  flow  of  «e- 

f  *  A  A  ''  j*i  utilised  to  ilraulstej,  on  theee  modeit ,  tempers- 

ir,  .tld  «ir  "-""‘"‘"g  'he  ..moephere  would  ^'/l- 

enc#  St  sno  aesr  their  ■tsgnstion  pointe« 

INSTRUMENTATION 

wave  velocity  meaeurement  is  accompliehed  by  uie  of  clatinum 

the'"fll^Ta!f o  The  reepon/e  of 

‘5*  oecilloecopee.  Rott  and  Hartunlan^rom- 
berg,  and  other •  have  diecueeed  the  reepoaae  of  evich  a  thin  film  to  the  oae- 

tranefer  rate  into  the  eurface 
v»riei  inversely  aa  the  square  root  of  the  time  after 
passage  of  the  shock  wave.  Using  a  LaPlace  transform,  one  finds  that  this 
heat  transfer  rate  corresponds  to  a  step  increase  In  temperature  at  t  *  0 

d  ^  remaining  at  this  new  tem- 

K.  f  ^  fL  *l  uniform  flow.  It  can  also  be  shown  that  the  small . 

l.«  th.n’.  con.id.rubl, 

Figure  4  shows  the  response  o/one  such 
film,  mounted  with  its  longitudinal  axis  at  right  angles  to  the  flow,  to  the  pas- 

Oscilloscope  settings  were  2  mv/cm  and  20//. sec/cm. 
The  width  of  the  film  is  such  that  about  l/2  microsecond  is  requiredfor  a 
shock  wave  to  P*®«  over  it.  The  later  fluctuations  are  believed  due  to  flow 

Inf  ''^®loolty  of  the  shock  wave  is  measured  in 

Ti^  between  pulses  from  two  such  films  mounted  about 
one  £oot  ai^rt.  These  films  have  been  found  excellent  for  this  purpose,  being 
durable  and  subject  to  almost  no  ambiguous  signals.  ^  ^ 
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Models  were  constructed  of  a  metal  base  which  ia  coated  with  a 
layer  of  flame-sprayed  aluminum  oxide  about  0.025*'  thick.  Copper  wires 
were  embedded  in  the  coating  so  that  their  terminals  would  be  at  appropriate 
positions  on  the  surface  for  application  of  resistance  thermometer  gages. 

The  surface  was  ground  to  an  RMS  roughness  of  30  to  50  micro-inches.  This 
procedure  allowed  the  construction  of  models  of  arbitrary  shape  and  provided 
a  surface  which  would  not  deteriorate  under  such  high  temperature  operations 
associated  with  film  applications  as  sputtering,  baking  or  soldering.  Figure  5 
shows  one  of  the  models  mounted  on  its  sting,  and  the  shock  tube  end  plate. 

For  the  heat  transfer  measurements,  platinum  strips,  about  0.003 
cm  thick,  0.050  cm  wide  and  0.5  cm  long,  were  used  as  sensors,  acting  as 
resistance  thermometers.  These  are  soldered  directly  to  the  copper  wire 
terminals  exposed  on  the  model  surface.  Several  such  films  can  be  seen  in 
Figure  5. 

If  we  .:onsidcr  the  film  as  a  thermal  R-C  element  and  apply  the  con¬ 
cept  of  a  diffusion  depth,  S  we  can  distinguish  two  distinct  types 

of  films.  If  this  depth,  for  the’^time  considered,  is  very  much  greater  than 
the  film  thickness,  then  the  film  is  considered  "thin”  and  almost  immediate¬ 
ly  takes  on  the  temperature  of  the  backing  material.  Whereas,  if  the  diffu¬ 
sion  depth  is  of  the  order  of  magnitude  or  lejs  than  the  film  thickness,  then 
the  film  is  called  "thick”,  and,  as  a  first  approximation,  it  can  be  consider¬ 
ed  a  calorimeter.  If  the  film  is  in  intimate  contact  with  the  backing  surface, 
as  in  the  case  of  the  sputtered  film,  there  is  no  thermal  resistance  at  the 
interface;  however,  when  the  film  lies  on  this  surface  without  bonding,  the 
thermal  resistance  of  the  interface  appears  to  be  such  that  little  heat  is  lost 
during  the  test  period.  Assuming  that  no  heat  is  lost,  we  write  for  the  rate 
of  heat  flow  per  unit  area  into  the  film: 

where  §,  Is  the  film  thickness. 

The  change  in  temperature  of  the  film  is  obtained  from  its  change  in 
resistance  which,  in  turn,  is  determined  by  measuring  the  change  in  voltage 
across  the  film  with  a  steady  current  flowing  through  it.  Neglecting  higher 
order  terms,  we  write: 


AR  =  Rq  OCAT 

and 

AE  =  AR 
so 

AT  _  AR  _  1  .  AE 

AT^HeCAF  ^ 

o  o 

and,  finally, 
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Thu«,  the  heat  trangfer  rate  it  given  by  the  tlope  of  the  voltage -time  curve. 
Figure  6  i*  a  typical  oaciUoicopc  record  of  the  change  in  voltage  with  reapect 
to  time  daring  a  test  run.  Oacilloacope  aenaltivity  is  set  at  1  mv/cm  with  a 
sweep  speed  of  SO  microsec/em,  and  current  through  the  film  is  0.  50  amps. 
The  instant  the  shock  wavs  hits  the  film  it  marked  by  the  discontinuous  change 
in  slope  of  the  trace.  The  trace  continues  with  generally  uniform  slope  during 
the  flow  of  Region  E,  In  this  particular  test  the  uniform  flow  appeared  to  con¬ 
tinue  for  about  300  micro  tec. 


As  a  further  check  on  the  uniformity  of  the  flow,  some  optical  studies 
were  made  of  the  0.ow  using  the  1  1/4"  diameter  windows  installed  in  the  shock 
tube  at  the  model  position.  The  thJn  films  In  the  wall  were  again  used  to  trig¬ 
ger  the  flash  equipment.  Figure  7,  an  example  of  the  type  of  pictures  taken, 

Ui  a  shadowgraph  of  the  shock  wave  a  few  microseconds  after  it  hit  the  nose 
of  the  model.  The  high  temperature,  radiating  region  between  the  nose  and 
the  reflected  shock  can  be  seen.  The  disturbance  on  the  window  is  due  to 
turbulence  in  the  recessed  region  at  the  window  in  the  cylindrical  tube.  Al¬ 
though  shadowgrams  gave  sharp  indications  of  shock  wave  position  up  to  the 
instant  shown,  thsy  were  useless  for  any  later  time  as  tiie  radiating  gas  at 
the  stagnation  point  completely  fogged  the  film.  The  study  was  continued 
taking  single  fringe  interferograms  which,  in  effect,  masked  out  most  of  the 
undesired  radiation.  Pictures  were  taken  of  the  flow  at  various  intervals 
after  the  arrival  of  the  shock  at  the  model.  Figure  8  shows  the  results.  Al¬ 
though  each  picture  was  taken  of  a  separate  test  run,  the  densities  and  shock 
Mach  number  were  reproduced  each  time  as  nearly  as  possible.  It  is  evident 
that  the  flow  was  quite  uniform  for  a  period  of  about  300  microseconds.  For 
those  shots,  when  the  diaphragm  failed  to  open  completely,  the  situation  at 
the  model  indicates  a  lower  velocity  Tow. 


RESULTS 


Measurements  were  made  of  the  stagnation  point  heat  transfer  rate, 
using  the  thick  film  technique  described  above,  on  a  hemisphere  of  radius 
0,47".  The  measurements  were  adjusted  to  correspond  to  heat  transfer 
rates  on  0.25"  radius  henrusphere  for  direct  comparison  with  published 
curves  of  heat  transfer  rates  predicted  by  Fay  and  Riddell.  ^  The  initial  data, 
represented  by  the  circles  on  Fig.  9,  appeared  self-consistent  but  were  high¬ 
er  than  tile  predicted  values.  A  change  in  the  procedure  of  determining  the 
resistance  of  the  film  from  that  of  computing  the  resistance  based  on  the 
material  resistivity  and  film  size,  to  that  of  directly  measuring  the  resistance 
of  the  film  in  place  on  the  model,  resulted  in  an  adjustment  of  the  data  which 
placed  them  and  the  theory  in  good  agreement. 


The  heat  transfer  rates  at  other  points  on  this  hemisphere  were  also 
measured.  Two  different  types  of  flow  were  observed.  In  one  case  the  heat 
transfer  rates  decreased  as  angular  displacement  from  the  stagnation  point 
increased,  in  agreement  with  Lees'  theory."^  However,  as  the  Reynolds 
number  of  the  flow  was  increased,  particularly  by  increasing  its  density, 
heat  transfer  measurements  markedly  higher  than  those  predicted  by  Lees' 
theory  were  obtained.  These  higher  rates  first  were  observed  sporadically 
at  individual  gages,  but  became  general  at  displacements  from  the  stagnation 
point  of  45"  and  more  when  the  initial  test  section  pressure,  P|,  was  100  mm. 


The  two  claeacii  of  hea-t  transfer  observatiocui  were  sufficiently  distinct  to 
lead  us  to  hypothesise  that  a.  turhitlent  boundary  layer  was  being  developed, 
probably  triggered  at  a  relatively  low  Eeynolds  number  by  the  platinum 
films*  Theories  for  heat  transfer  in  turbulent  boundary  layer  are  on  con¬ 
siderably  more  tenuous  ground  than  are  the  theories  for  landnsr  hoandary 
layers.  They  sre  based  on  a  phenomenological  approach,  and  usually  de¬ 
pend  on  experimental  data  to  evaluate  constants,  etc.  Several  theories  for 
turbulent  heat  transfer  now  exist  for  hypersonic  flow.  Most  have  in  common 
the  integral  of  the  boundary  layer  energy  e(|uation,  and  the  evaluation  of  the 
heat  transfer  rate,  o  ,  in  terms  of  the  shear  stress  at  the  wall,  T^,  by  use 
of  the  Reynolds  anally.  One  such  theory  is  that  of  Bromberg,  described  by 
Phillips.  5 


Figure  10  shovri  the  heat  transfer  date  obtained  at  45*^  on  the  hemi¬ 
sphere  and  compares  them  with  Ltee'a  laminar  theory  and  Bromberg*s  tur¬ 
bulent  theory. 

It  seems  clear  from  these  preliminary  measiirements  that  the  nature 
of  the  test  date  changes  with  changing  Oow  parameters,  however,  furteer 
work  will  be  necessary  in  order  to  arrive  at  definitive  conclusions  on  botmd- 
ary  layer  transition  and  its  relationship  to  ouch  flow  parsmetero  as  Reynolds 
number. 
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Typical  Wave  Diagram  for  Shock  Tube 


Figure 


Figure  10  Comparison  of  Heat  Transfer  Data  with  Laminar 
and  Turbulent  Theories 
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A  PARTICULAR  APPLICATION  OF  A  CONVENTIONAL  SHOCK  TUBE 
FOR  THE  STUDY  OF  TRANSIENT  IGNITION 
AND  COMBUSTION  IN  SUBSONIC  FLOW* 

0.  Bitondo,  N.  Thomat,  D.  Perper 
Aerophyiicf  Development  Corporation 


I.  GENERAL  DESCRIPTION  AND  REQUIREMENT 


The  preaent  reacarch  arose  out  of  the  development  program  of 
a  certain  type  of  wave  engine  called  the  Multi-jet.  Thia  engine  ia  eaacntial- 
ly  a  pulac-jet  with  controlled  valving  at  the  inlet  and  exhaust  of  the  combus¬ 
tion  tubes. 

Figure  I  shows  a  perspective  view  of  the  multi-jet.  The  combua-- 
tion  tubes  are  arranged  in  an  annulus  and  are  opened  and  closed  by  rotating 
the  inlet  and  outlet  valves.  The  cycle  consists  of  four  phases:  scavenge, 
pulse  compression,  combustion,  and  exhaust,  as  shown  in  Fig,  2.  During 
the  scavenge  and  pulse  compression  phases  when  the  fuel-air  mixture  moves 
through  the  tube,  due  to  the  fact  that  the  tubes  are  un-cooled  and  are  allowed 
to  reach  wall  temperature#  of  the  order  of  1800"F,  ignition  occurs  along  the 
surface  of  the  tube.  During  the  burning  phase,  the  flame  which  is  occuring 
at  the  boundaries  of  the  tube  now  proceeds  radially  inwards  completing  the 
combustion  of  the  fuel  -air  mixture.  Although  the  wave  diagrams  for  the 
flow  in  the  tube  can  be  constructed  by  known  procedures,  their  construction 
is  dependent  upon  the  knowledge  of  the  rate  of  heat  release  in  the  tube  and 
it#  distribution  along  the  tube  axis.  At  this  stage  it  became  apparent  that 
some  useful  information  would  be  gained  by  studying  a  simplified  model  of 
the  conditions  in  the  tube  which  could  be  examined  in  more  detail  both  ex¬ 
perimentally  and  if  possible  analytically. 

H.  DESCRIPTION  OF  SHOCK  TUBE 

This  simplified  model  was  a  short  test  section  of  a  square  shock 
tube  with  glass  side  walls  in  the  test  section  for  observation  and  whose  lower 
surface  consisted  of  an  electrically  heated  nichrome  strip.  Figure  3  shows 
a  sketch  of  the  shock  tube  and  the  time  displacement  diagram  of  the  conditions 
occurring  in  the  shock  tube.  Normally,  the  expansion  chamber  is  opened  to 
the  atmosphere.  In  the  shock  tube  a  section  about  6*  long  immediately  down¬ 
stream  of  the  compression  chamber  was  filled  with  an  inflammable  mixture 
and  was  isolated  from  the  rest  of  the  tube  by  a  slide  valve  on  one  end  and  the 
diaphragm  at  the  other  end.  The  slide  valve  was  immediately  opened  before 
bursting  the  diaphragm  and  thus  a  ’’slug”  of  flammable  gas  was  accelerated 

This  work  was  supported  by  the  Combustion  Dynamics  Diyision  of  the  Air 
Force  Office  of  Scientific  Research,  Air  Research  and  Development  Com¬ 
mand  under  Contract  AF  18(600) -1509  and  the  initial  results  have  been  re¬ 
ported  in  AF  OSR-TN -57-454  (Sept  1957). 
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downitrejitn  at  subsonic  speeds  behind  the  shock*  Optical  observations  of 
the  ignition  and  combustion  process  were  made  through  glass  side  walls  us¬ 
ing  a  Schlicren  system  with  a  high  voltage  spark  gap  to  obtain  snapshot  photo¬ 
graphs  or  a  Fastax  camera  and  a  steady  light  source  for  high  speed  motion 
pictures.  Tests  were  conducted  with  cthclyne  and  propane  fuels. 

Figure  3  illustrates  the  sequence  of  events  that  follow  the  punc¬ 
ture  of  the  diaphragm  separating  the  high  and  low  pressure  chambers.  As 
the  shock  passes  any  given  cross-section  in  the  tube  the  gaseous  particles 
there  are  set  into  motion  at  a  velocity  U,*  After  the  shock  wave  has  reached 
the  front  face  of  the  fuel-air  mixture  at  the  slide  valve,  the  entire  fuel-air 
"slug'*  is  moving  at  a  velocity  U?  towards  the  test  section  containing  the  "hot 
wall".  The  velocity  U,  is  readily  computed  from  shock  tube  theory  using 
the  experimentally  obtained  shock  wave  velocity.  The  stay  time  of  the  fuel-air 
mixture  within  the  test  section  varies  from  approximately  60  milliseconds 
down  to  10  milliseconds  depending  on  the  flow  velocity.  The  compression 
chamber  is  made  sufficiently  long  to  prevent  the  reflected  expansion  wave 
from  arriving  in  the  test  section  before  the  fuel -air  mixture  has  completely 
passed  through  the  test  section.  A  length  of  tube  is  added  beyond  the  test 
section  to  prevent  the  reflected  wave  formed  when  the  shock  wave  passes 
through  the  open  end  of  the  tube  from  arriving  at  the  test  section  before  the 
phenomena  has  been  completely  photographed. 

During  this  program  we  too  had  difficulty  in  the  selection  of  proper 
diaphragm  material.  It  was  associated  with  the  fact  that  we  could  not  find  a 
material  weak  enough  to  provide  the  proper  bursting  characteristics  for  the 
low  pressures  that  were  necessary  for  the  low  flow  velocities  used  in  some 
of  our  tests.  With  a  material  0.0005"  thick,  conqpression  chamber  pressures 
down  to  about  10  inches  of  mercury  gage  could  be  used.  The  lower  limit  of 
U2  with  this  pressure  was  about  a  MacL  number  of  0.09  or  about  100  ft/sec. 
Below  10  inches  of  mercury,  bursting  consistency  was  poor  and  the  spread 
in  the  shock  velocities  corresponding  to  a  given  diaphragm  pressure  ratio 
was  considerable. 

Figure  4  shows  the  variation  of  Mach  number  of  the  principal 
shock  and  of  the  flow  behind  the  shock  wave  plotted  against  diaphragm  pres¬ 
sure  ratios.  Normally,  we  operated  between  diaphragm  pressure  ratios  of 
about  1-1/2  to  about  4.  The  shock  tube  consisted  of  standard  1-1/4"  square 
pipe.  The  test  section  was  built  up  to  provide  a  floor  that  could  be  electri¬ 
cally  heated  and  observed  through  windows  which  provided  a  clear  view  from 
the  floor  to  the  ceiling  of  the  test  section.  The  "hot  wall"  consisted  of  a  1" 
wide,  12"  long,  electrically  heated  nichrome  strip  0.010"  thick.  The  floor 
is  recessed  for  a  bed  of  fire  brick.  A  sketch  of  the  test  section  and  the  power 
supply  is  shown  in  Figure  5,  Slots  were  cut  at  either  end  of  the  floor  and  the 
nichron;e  strip  was  passed  through  these  slots.  When  the  strip  was  electri¬ 
cally  heated  to  high  temperatures,  buckling  of  the  strip  was  prevented  by 
means  of  tension  produced  by  weights  attached  to  one  end  of  the  strip.  The 
power  supply  is  also  shown  in  Fig,  5,  Temperatures  of  the  nichrome  strip 
were  measured  by  means  of  an  optical  pyrometer.  Maximum  temperatures 
obtainable  with  the  present  installation  is  about  1,060*'C. 
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Figure  6  ihowe  *  photogrepli  of  the  test  lection.  The  hot  will  or 
the  mchrome  strip  **  located  along  the  floor  of  the  test  section.  Weights  are 
hung  on  the  insulated  terminal  on  one  side;  windows  consist  of  ordinary  plate 
glass. 


Figure  7  shows  the  arrangement  of  the  principal  components  of 
the  shock  tube,  1  is  the  test  section,  2  the  slide  valve,  3  are  the  photo 
screens  used  for  shock  wave  velocity  measurements,  4  is  a  chronograph  and 
time  delay  circuit,  5  is  the  location  of  the  diaphragm,  and  6  the  diaphragm 
breaker. 


Figure  8  shows  the  general  arrangement  of  the  Schlicren  system 
and  the  shock  tube.  A  high  voltage  confined  spark  gap  was  used  to  obtain 
the  snapshot  pictures  of  the  events  occurring  in  the  test  section,  these  pic¬ 
tures  were  obtained  on  a  4  X  5  photographic  plate.  Recently,  a  Mercury  arc 
vapor  lamp  was  added  as  a  steady  light  source  and  is  used  in  conjunction 
with  a  high  speed  Fastax  camera.  With  the  Fastax  camera  the  complete 
sequence  of  events  could  be  photographed  during  a  test  run.  Speeds  up  to 
18,000  frames  per  second  were  used  to  obtain  the  sequence  of  events.  The 
length  of  tube  Inserted  between  the  section  containing  the  fuel-air  mixture 
and  the  tcet  section  containing  the  ”hot  wall",  provided  a  buffer  sonc  of  air 
to  prevent  pre -ignition  of  the  fuel-air  mixture  upon  the  opening  of  the  slide 
valve  and  before  the  diaphragm  is  punctured, 

m.  OBSERVATIONS  AND  TEST  RESULTS 


Before  the  Fastax  camera  was  used  in  this  installation,  snapshot 
pictures  were  taken  during  each  test  run.  One  snapshot  per  run  was  obtained. 
The  time  delay  used  to  trigger  the  light  source  was  varied  for  each  run.  In 
this  way,  a  sequence  of  events  could  be  obtained.  However,  each  event  oc¬ 
curred  in  a  separate  run  and  the  accuracy  with  which  the  sequence  of  events 
could  he  obtained  depended  on  how  well  the  events  could  be  repeated  between 
test  runs.  Actually,  it  was  not  too  difficult  to  obtain  the  correct  sequence  of 
events.  However,  during  certain  tests,  such  as  those  resulting  in  '’pre- 
detemation"  flames  (described  later),  events  occurred  so  rapidly  that  it  was 
impossible  to  obtain  the  correct  timed  sequence  and  determine  such  param¬ 
eters  as  flame  velocity.  Such  a  sequence  of  snapshot  photographs  are  shown 
in  Figure  9.  The  first  picture  shows  a  shock  wave  within  the  test  section  at 
4.7  milliseconds.  From  about  10  milliseconds  to  25  milliseccmds,  only  the 
thermal  boundary  layer  could  be  detected.  At  about  27  milliseconds  a  turbu¬ 
lence  spot  was  seen  to  occur  at  the  outer  edges  of  the  thermal  boundary  layer. 
At  29  milliseconds  the  first  appearance  of  flames  could  be  definitely  seen 
propagating  through  the  free  stream.  From  then  on  the  events  occurred  so 
rapidly  that  sequence  snapshots  for  different  test  runs  gave  the  last  series 
of  pictures.  The  flame  very  rapidly  bursts  out  of  the  boundary  layer  and 
travels  completely  across  the  test  section.  For  these  pictures  the  knife- 
'^dge  was  placed  horizontally  so  as  to  cut  off  the  upper  half  of  the  image  at 
the  focal  point  of  the  second  mirror. 

Figure  10  shows  another  series  of  photographs  where  the  horizon¬ 
tal  placement  of  the  knife-edge  was  such  to  cut  off  the  lower  half  of  the  image 
at  the  focal  point.  These  photographs  produced  the  clearest  details  of  the 
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processes  ONCcurring  within  the  boundary  layer.  As  you  can  see,  again  it  was 
very  difficult  to  obtain  the  correct  sequence  of  events  by  means  of  our  snap¬ 
shot  photographs.  However,  for  the  time  delays  that  were  preset  to  trigger 
and  sparh  the  position  of  the  front  of  the  fuel-air  mixture  could  be  calculated 
and  is  indicated  by  the  smaller  arrow.  It  will  be  noticed  that  at  a  given  time 
and  position  a  flame  occurs  within  the  boundary  layer  as  is  shown  by  the  den¬ 
sity  gradients  indicstcd.  Although  the  flame  ia  occurring  within  the  boux.dary 
layer,  no  visible  change  on  the  outer  cdgw  of  the  thermal  boundary  layer  is 
seen  until  the  flame  front  which  appears  to  be  travelling  with  the  front  of  the 
fuel -id r  mixture  reaches  s  point  further  downstream  from  the  ignition  point 
within  the  boundary  layer.  Then  the  characteristic  breakout  of  turbulence  is 
noticed  and  a  few  milliseconds  later  the  flame  has  completely  traversed  the 
whole  of  the  test  section. 

In  order  to  obtain  better  detail  of  the  processes,  occurring  within 
the  test  section,  photographs  were  taken  using  glass  slides  a*  the  photographic 
plates.  Figure  1 1  shows  such  s  slide.  This  figure  clearly  shows  the  develop¬ 
ment  of  the  flame  within  the  boundary  layer.  The  light  portion  indicates  the 
thermal  boundary  layer  and  the  flame  front  is  clearly  visible  on  the  photo¬ 
graph.  It  was  found  later  by  means  of  Fastax  high  speed  movies  that  the 
flame  front  after  it  breaks  out  of  the  boundary  layer  moved  upstream  and 
completely  out  of  the  test  section.  Figure  12  shows  a  plate  that  was  obtained 
St  a  later  time  after  ignition  within  the  boundary  layer.  In  Ibis  case  the  flame 
front  has  moved  upstream  and  is  now  traversing  the  free  stream  flow  in  the 
test  section. 

Figure  13  is  a  reproduction  of  a  short  length  of  a  strip  of  Fastax 
movie  film  taken  at  approximately  12,000  frames  per  second.  The  time  in¬ 
terval  between  each  frame  is  of  the  order  of  87  microseconds.  At  the  top  we 
see  the  thermal  boundary  layer  relatively  undisturbed.  In  a  very  short  time 
the  characteristic  breakout  of  the  flame  is  seen  as  shown  by  the  change  in 
turbulence.  This  breakout  first  appears  at  the  downstream  end  of  the  test 
section  and  slowly  proceeds  forward  as  shown  by  the  sequence  in  the  first 
strip.  Finally,  the  flame  encompasses  the  complete  test  section  and  is  seen 
to  move  in  an  upstream  direction  until  near  the  end  of  the  second  strip  the 
combustion  is  completed  within  the  test  section  and  the  flame  is  seen  to  move 
upstream.  We  were  able  to  further  blow  up  the  series  of  7  frames  from  the 
mid  portion  of  the  first  strip  of  film  and  this  is  shown  in  Fig.  14.  Here  more 
details  can  be  seen  of  the  breakout  of  the  flame  from  the  boundary  layer.  Not 
only  do  these  photographs  provide  the  correct  sequence  of  events,  but  show  a 
remarkable  clarity  of  the  processes  occurring  during  each  frame.  They  in 
fact,  confirmed  our  conclusion  that  we  were  able  to  draw  from  our  previous 
series  of  snapshot  photographs. 

The  complete  Fastax  film  from  which  the  previous  two  slides  were 
obtained  shows  the  following  sequence  of  events.  The  first  motion  that  you 
will  observe  will  be  the  shock  wave  traversing  the  test  section.  The  shock 
wave  is  not  too  clear  due  to  the 'fact  that  the  l^fe-edge  is  set  at  a  direction 
perpendicular  to  the  density  gradient  of  the  shock  front.  The  motion  immedi¬ 
ately  behind  the  shock  wave  is  that  of  the  air  originally  in  the  spacer  section 
upstream  of  the  test  section  and  downstream  of  the  fuel-air  mixture.  In  just 
a  short  time  the  flame  will  break  out  of  the  boundary  layer  at  the  right  hand 
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side  of  the  frame.  It  will  grow,  traversing  the  test  section  perpendicularly 
to  the  air  flow,  then  it  will  move  upstream  indicating  that  combustion  has 
been  completed  within  the  test  section.  A  few  seconds  later  the  flame  will- 
reappear  within  the  test  section  and  move  from  left  to  right  with  the  free 
stream  flow  direction.  This  also  finally  sweeps  out  of  the  test  section,  and 
a  few  milliseconds  later,  a  final  burst  of  flame  is  observed  and  further  mo¬ 
tion  of  the  gas  indicates  that  now  reflections  of  expansion  waves  and  shock 
waves  are  occurring  and  causing  the  flow  to  oscillate  and  die  down  within 
the  shock  tube. 

You  will  remember  that  there  were  three  distinct  flames  appear¬ 
ing  within  the  test  section.  The  first  is  the  usual  flame  that  we  expected  due 
to  the  initial  ignition  of  the  fuel-air  mixture  as  it  travels  along  the  hot  strip. 
This  ignition  occurs  within  the  boundary  layer,  as  we  have  shown,  finally 
breaking  out  of  the  boundary  layer,  traversing  the  test  section  in  a  direction 
perpendicular  to  the  flow  direction,  and  then  moving  upstream.  There  are 
two  possible  reasons  why  the  flame  moves  upstream.  First  is  due  to  the 
fact  that  the  flame  velocity  is  approaching  and  exceeding  the  normal  free 
stream  velocity.  Second,  due  to  the  heat  releass  MMn  the  flowing  fuel-air 
mixture,  a  thermal  choking  can  occur  which  will  reduce  the  flow  velocity  and 
therefore  allow  the  flame  to  travel  in  an  upstream  direction  with  respect  to 
the  shock  tube  wall.  It  can  also  be  a  combination  of  both  effects.  Tests  with 
various  fuel-air  mixtures  have  shown  that  these  "fast  flames",  the  ones  mov¬ 
ing  upstream  in  the  test  section,  occur  more  readily  with  very  rich  fuel-air 
mixtures,  that  is,  stoichiometric  or  higher  fuel-air  mixtures.  They  are 
also  associated  with  a  loud  explosion  and  several  times  have  crached  our 
observation  windows.  Flow  velocities  in  the  particular  example  that  was 
shown  in  Fig.  13  are  of  the  order  of  186  ft/aec. 

The  second  flame  can  be  due  to  the  following  considerations.  The 
initial  flame  which  travels  upstream,  traverses  the  "slug"  of  fuel-air  mix¬ 
ture  and  reaches  the  tail  of  the  fuel-air  mixture.  At  this  point,  its  forward 
progress  is  stopped,  however,  burning  may  continue  within  the  "slug"  of 
fuel-air  mixture.  Due  to  the  normal  flow  velocity  in  the  tube,  now  the  flame 
is  swept  back  into  the  test  section  and  this  is  the  second  flame  that  we  ob¬ 
served  in  the  Fastax  sequence.  The  third  flame  at  this  point  seems  to  be  a 
pure  accident.  There  seems  to  have  been  remaining  in  the  vicinity  of  the 
test  section,  residual  fuel  which  does  not  ignite  in  the  vicinity  of  the  hot 
strip.  However,  if  you  closely  observe  the  events  just  before  the  ignition 
of  the  third  flame,  you  will  notice  a  piece  of  cellophane  entering  the  test 
section  which  is  ignited  due  to  the  hot  strip.  This  burning  particle  seems  to 
provide  an  ignition  point  which  results  in  the  ignition  of  the  residual  fuel 
within  the  test  section. 

IV.  ANALYSIS  OF  TEST  RESULTS 


Now  to  describe  the  results  that  were  obtained  from  the  observa¬ 
tions  of  the  snapshots  of  the  flame  and  the  sequence  from  the  Fastax  movie 
film. 

As  the  front  face  of  the  fuel-air  mixture  passes  over  the  hot  strip, 
it  is  being  heated  within  the  boundary  layer  as  it  progresses  along  the  strip. 

At  a  given  distance  downstream  from  the  leading  edge  of  the  hot  strip,  the 


temperature  in  the  boundary  layer  reaches  a  point  where  ignition  temperature 
is  reached.  At  this  point  a  flame  is  observed  to  occur  within  the  boundary 
layer.  The  flame  remains  within  the  boundary  layer  until  finally,  at  a  point 
further  downstream,  the  flame  front  breaks  out  of  the  boundary  layer.  As 
soon  as  this  breakout  occurs,  the  flame  within  the  boundary  layer  moves  for¬ 
ward  as  well  as  moving  perpendicularly  across  the  test  section.  The  velocity 
of  flame  propagation  varies  with  the  fuel-air  ratio.  For  the  rich  mixtures, 
the  flame  travels  very  rapidly  and  traverses  the  whole  of  the  test  section  and 
moves  upstream.  For  the  leaner  mixtures,  the  flame  breaks  out  of  the  bound¬ 
ary  layer,  however,  its  forward  progress  is  limited  and  it  finally  is  blown 
downstream.  An  ignition  time  delay,  can  now  be  defined  as  to  the  length 

of  time  that  is  required  for  the  appearance  of  a  self-propagating  flame  in  the 
test  section.  The  time,  T  =  0,  is  taken  as  the  time  when  the  front  face  of  the 
fuel-air  mixture  arrives  at  the  leading  edge  of  the  hot  strip.  The  time  delay 
can  then  be  broken  into  two  parts,  and  €2.  First,  is  the  time  re¬ 
quired  for  the  passage  of  the  front  face  of  the  fuel-air  mixture  over  the  hot 
strip  before  ignition  occurs  within  the  boundary  layer.  T2  is  the  time  during 
which  a  flame  propagates  in  the  boundary  layer  and  breaks  into  the  free  stream. 
The  ignition  time  delay  was  measured  for  a  number  of  flow  velocities,  strip 
temperatures  for  two  fuels,  ethylene  and  propane,  at  various  fuel-air  ratios. 

Figure  15  shows  the  variation  of  the  ignition  time  delay  plotted 
against  the  free  stream  flow  velocity  for  ethylene  and  propane.  In  both  cases, 
a  stoichiometric  fuel-air  mixture  was  used.  Due  to  the  geometry  of  the  tube, 
for  given  flow  velocities,  a  limit  is  obtained  for  above  which  the  fuel-air 
••slug"  has  completely  passed  the  hot  strip  before  any  ignition  is  seen  to  occur. 
This  is  due  to  the  finite  length  of  the  "slug"  of  fuel-air  mixture.  Another 
limitation  of  the  present  equipment  is  the  finite  length  of  the  hot  strip.  In  the 
case  of  propane,  at  stoichiometric  fuel-air  ratio  and  with  a  wall  temperature 
of  1,025  *C,  the  upper  velocity  limit  was  observed  to  occur  at  the  point  where 
the  "slug"  has  completely  passed  the  hot  strip.  The  variation  of  the  ignition 
time  delay  with  fuel-air  mixture  is  shown  in  Fig.  16.  For  lean  mixtures, 
the  ignition  time  delay  is  increased.  This  variation  ended  at  a  certain  lower 
value  of  the  fuel-air  ratio  when  bulk  ignition  would  no  longer  occur,  although 
burning  across  part  of  the  test  section  was  observed.  Attempts  to  measure 
values  of  for  fuel-air  ratios  above  the  stoichiometric  value  ran  into  dif¬ 
ficulty  in  that  ignition  of  a  rich  mixture  produced  flames  of  the  predetonation 
type,  sometimes  damaging  or  blowing  out  the  test  section  itself.  It  was  de¬ 
cided,  therefore,  not  to  pursue  the  results  for  rich  mixtures  any  further,  at 
least  not  until  a  stronger  test  section  could  be  obtained. 

In  the  region  where  data  can  be  obtained,  the  value  of  the  ignition 
time  delay  was  much  less  sensitive  to  velr'city  changes  than  it  was  to  tem¬ 
perature  changes  as  can  be  seen  on  the  Fig.  17,  This,  presumably,  was  due 
to  the  fact  that  primary  ignition  occurs  in  the  low  velocity  region  of  the  bound¬ 
ary  layer  which  is  rather  insensitive  to  changes  in  main  stream  velocity. 

Ignition  delay  time  may  be  correlated  with  the  rate  of  combustion 
reaction  if  we  assume  that  the  reaction  rate  follows  the  Arrhenius  law  and 
thstt  it  is  inversely  proportional  to  This  assumption  is  crude  but  was 

adopted.  From  this  relation  it  can  be  seen  that  the  slope  of  the  plot  of  1/T 
against  l/'C"  will  give  E  the  apparent  activation  energy  of  the  reaction. 
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Am  meen  on  Fig,  18,  the  linear  relation  wmm  obmined,  however,  the  activatlim 
enmrgiem  were  an  order  of  m4,gmttide  higher  than  that  e'sq»«cted  for  the  fiitti 
teated.  One  of  the  reaaott*  that  we  i*«i.y  be  ^tminJng  m  very  large  ’wulum  for 
the  activation  energy  it  aince  this  ia  a  tranaient  flow,  the  pre-exlatlng 
ary  layer,  whether  of  air  or  biirnt  gat,  haa  to  be  iiaplaceJ  by  fmh  f«.al*alr 
mixture.  Now  at  my  given  time,  the  oividing  line  between  the  freah  loel«air 
miature  and  the  ait  will  rnn  obliquely  acroaa  the  boundary  layer  followiag 
the  velocity  profile.  It  will  advance  further  do^wnatream  In  the  outermotl  por¬ 
tion  and  thua  a  photograph  of  the  layer  at  any  given  time  would  ahown  a  'higher 
mean  concentration  M  fuel  in  the  outer  cooler  regioaa,  and  a  lower  site  ia 
the  hotter  inner  region  cloae  to  the  wail.  Molecular  ^ffuatoa  would  tend  to 
equalise  the  concentralJoa  and  being  temperature  depHBiideiit,  would  reapoad 
to  change!  in  the  wall  temperature.  It  ia,  therefore,  pr^able  that  the  rate 
controliing  proceaa  ia  a  comblnati«i  of  chemical  reaction  and  inward  dlffu- 
iian  into  the  hot  tub-layer. 

Let  ua  define  the  diatance  over  the  hot  atrip  from  the  leading  edge 
to  the  point  where  ignition  firat  occur •  within  the  boundary  layer  at 

Meaaurementa  of  x*  and  have  been  road#  under  ateady-flow 
condition!  aimilar  to  oura,*  The  diatance  meaiured  waa  ahorter  than  sura, 
TWa  can  alao  be  due  to  the  aame  reaaon  that  affected  the  aclivatiOf»  energy 
mentioned  above. 

However,  a*  may  be  determdned  by  energy  conaldermtloaa.  It 
ia  reaaonable  to  aaaume  that  the  input  of  thermal  energy  to  the  gat  in  the 
boundary  Myer  upatream  of  the  ignition  point,  la  that  required  to  ralae  thla 
volume  of  gaa  toigni'S'cm  temperature.  At  leaat,  this  will  be  ao  if  the  bound¬ 
ary  layer  ia  aaaumed  to  be  quaai-ateady,  ao  that  ita  profile  immediately 
after  paaaage  of  the  ahock  over  the  len^h  a*  reroalna  imchaaged  aa  long  aa 
the  outaide  flow  doea  not  change  aignificantly,  Thia  ia  true  over  the  time 
intervaii  (<  0,05  aec)  involved  in  our  teats. 

On  thia  aaaumption,  and  knowing  the  tem^rature  profile  of  the 
layer,  one  can  calculate  the  amount  of  energy  required  to  raiae  tiie  layer  to 
ignition  temperature  if  ita  volume  ia  known.  But  calculation  of  the  volume 
involvea  knowledge  of  x*. 

However,  the  "ignition  energy"  per  imit  of  volume  can  be  taken 
aa  constant  for  a  given  fuel-air  mixture,  regardleaa  of  the  way  in  which  the 
energy  ia  introduced  --  provided  the  energy  is  thermal.  And  thia  ignition 
energy  may  be  calculated  from  the  work  on  spark  ignition  o£  JUswia  and 
Von  Mbe. 

Calculations  carried  out  for  propane  give  a  value  of  3  inches  for 
x',  as  against  an  experimentally  determined  value  of  about  6  inches.  This 
order- or-magnitude  agreement  ia  aa  good  aa  can  be  expected. 


’hjnpiibliahed  work  at  Jet  Propulsion  Laboratory,  California  Institute  of 
Technology  and  private  communication  from  F.  F.  Marble  and  F»  H.  Wright. 
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V. 


SUMMARY  OF  Ri:SULTS 


W«  have  thtta  ieea  how  it  i«  poteihle  to  otierve  the  proceiaea 
occurring  during  the  tranfient  ignition  of  fuel-air  mixture  paeelng  over  a 
“hot  wall'*.  Betalied  obaervation*  can  he  made  of  the  initial  ignition  with 
the  boundary  layer  ae  well  aa  tp  the  ignition  delay  time*  or  hulk  ignition 
delay  tlroea  whera  the  flame  hecomee  a*lf-pro|» gating  within  the  main  free 
•tream,  A  further  ueefulneif  of  thie  apfwiratue  i#  due  to  the  fact  that  only 
•mall  quantltie*  of  fuel  can  he  uied  and  therefore,  lend*  ittelf  well  to  the 
teiting  of  the  new  exotic  fuela  which  are  very  difficult  to  obtain  in  ifuantity 
at  preeent. 


In  the  preeent  inveatigatlon,  the  transient  flow  condilionf  aaao- 
ciated  with  the  ignition  of  a  fuel-air  mixture  paeeing  over  a  “hot  wall*'  type 
of  flame  itjAlllxer  wae  etudied*  The  "hot  wall"  flame  etaWliEer  can  be  eub- 
•tttuted  by  ether  mean*  of  flame  atabiliration  normally  ueed,  for  Instance, 
ft  jet  engine*.  The  transient  ignition  condlttone  could  be  etudied  for  theee 
flame  holding  device*.  Such  problem*  are  of  great  magnitude  with  jet  en¬ 
gine*  where  the  engine  mu*t  be  re-ignited  after  flame  blowout.  Under  labora 
tory  condition*,  the  problem  atiociated  with  the  transient  ignifloo  for  these 
flame  holder*  can  be  studied  in  detail  in  an  apparatus  similar  to  the  one  de¬ 
scribed  here. 

Other  investigations  involving  ^e  interaction  of  a  shock  wave 
with  ignition  and  combustioo  flames  can  be  carried  out  by  means  of  the  ad¬ 
dition  of  a  second  compression  chamber  which  can  produce  a  shock  wave 
following  the  primary  shock  wave  and  interacting  with  the  ignition  and  com¬ 
bustion  processes  occurring  in  the  test  section.  Referring  to  Fig.  3,  the 
second  compression  chamber  can  be  added  at  the  right  end,  thus  producing 
a  shock  wave  which  will  travel  upstroam  into  the  test  section,  or  the  second 
compression  chamber  can  be  mounted  at  the  extreme  left  end,  thus  producing 
a  shock  wave  which  will  enter  the  test  section  from  a  downstream  direction. 
Referring  to  Fig.  11  again,  the  Interaction  of  the  shock  wave  with  the  tiiermal 
boundary  layer  upstream  of  the  point  where  ignition  occurs,  may  produce 
conditions  where  the  combination  of  temperature  gradient  due  to  the  "hot 
wall"  and  the  pressure  gradient  due  to  the  shock  will  provide  early  ignition. 
The  interaction  of  the  shock  wave  with  the  flame  downstream  of  ^e  ignition 
point  may  provide  conditions  the  combination  of  which  will  produce  detona¬ 
tions.  The  fact  that  we  have  already  observed  what  we  call  "pre -detonation 
waves",  although  we  feel  these  are  not  true  detonation  waves,  we  believe  that 
by  the  addition  of  perhaps  a  realtively  weak  wave  of  pressure  ratio  of  up  to  5 
that  we  can  accelerate  the  process  leading  to  a  detonation  wave. 

Recently,  interest  has  grown  with  regard  to  the  conditions  that 
occur  within  a  solid  propellant  motor  causing  it  to  explosively  detonate  itself 
during  the  normal  course  of  burning.  It  is  felt  that  detonation  of  the  propel¬ 
lant  may  be  due  to  shock  waves  which  may  cause  a  shock  pressure  at  the 
burning  surface  of  the  propellant  causing  acceleration  in  the  burning  velocity 
or  causing  erosion  of  the  propellant  producing  many  fine  particles  which  will 
burn  and  produce  a  higher  pressure  which  results  in  a  stronger  wave  which 
in  turn  results  in  more  erosion  and  finally,  building  up  to  pressures  which 
rupture  the  rocket  motor  case.  Studies  of  the  erosion  and  the  detonatiem  of 
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a  burtiing  falid  propellent  due  to  tht  impingtment  of  e  tliock  wave  could  be 
rnede  In  e  eetup  flmiler  to  the  one  deicribed.  however,  in  pHncIpl#  only  » 
the  tube  iteelf  probably  should  take  the  form  of  an  overtire  atomic  cannon. 
Jteferring  to  Figure  5  the  rUchrome  strip  and  the  firebrick  bed  could  be  re¬ 
placed  by  a  slab  of  solid  propellant  in  the  test  section.  By  means  of  an  ig¬ 
niter  material  coating  the  top  surface  in  which  are  imbedded  fine  wires,  tht 
slab  could  be  electrically  ignited  to  provide  a  burning  surface  along  the  wall 
of  the  test  section.  As  soon  as  ignition  hat  occurred  a  shock  wave  can  be 
fired  Into  the  lest  section  and  the  resulting  conditions  may  be  photographed 
and  observed  by  means  of  high  speed  photography.  The  conditions  being 
iimuJated  would  be  those  occurring  within  a  rocket  motor  and  the  eaptriment 
can  be  controlled  on  a  laboratory  scale,  A  batter  analysis  of  the  problem 
can  be  made  and  a  better  underetanding  of  the  conditions  leading  to  self- 
detonation  of  a  solid  propellant  can  be  obtained. 

The  following  points  can  be  cited  as  the  main  conclusions  obtained 
thus  far  in  the  investigation, 

1.  Ignition  in  transient  flows  at  a  hot  surface  takss 
much  longer  than  a  continuous  flow  procsss  btcauts 
of  the  need  to  displace  and  mix  thts  fuel  mixture  with 
an  existing  boundary  layer  of  air  or  Inert  gas, 

2,  Primary  ignition  after  fairly  long  delay  occurs  In 
the  boundary  layer.  Inflammation  is  propagated 
through  the  main  stream  by  a  turbulent  transfer 
process  which  is  very  fast  relative  to  the  primary 
ignition  process. 

3,  The  origin  of  the  turbulence  in  the  tube  is  not  yet 
known.  It  may  he  flame  generated  or  caused  by 
peculiarities  of  the  boundary  layer  flow. 

4.  Transition  of  turbulent  combustion  to  fast  pre¬ 
detonation  flames  is  noted  in  rich  fuel-air  mixtures. 

In  lean  mixtures,  on  the  other  hand,  inflammation 
will  not  propagate  through  the  tube  cross-section. 

5.  The  over-all  reaction  leading  to  ignition  appears  to 
follow  the  Arrhenius  law, 

6,  Finally,  this  experimental  apparatus  permits  a  means 
of  simulating  in  the  laboratory,  the  conditions  exist¬ 
ing  during  ignition  and  combustion  in  a  transient  flow 
applicable  not  only  to  non -stationary  combustion  devices 
but  also  for  steady  flow  combustion  devices. 
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qmc.dimkhsiohal  shock  WAVKS 
ptirtM  AW  AX»iUXT  STMiOiTlUC  SUECTWCAL  DBCHAKOJC 


J*  Gimgtw  V,  V»il 
h&-ckhm4  mBvUm  Bftmma  Oivtfise 
P*ls  Mt#.  Cullfomia. 


A  n%i«^mw  ff  c#3>«cl»f-it«€hiii*i«  ttoc^  h%mm  4*fcrils*< 

m  thm  Ssm*  pr^^lfeliMii-y  riitill*  do  fucii  «  i«¥lc«  ol 

fldldUftf  Im  tti#  trom  mm  to  l»a  •Itclrem  ¥&llf 

«?«  pr«9«at«4  fi*7«. 

Til*  ft*aji*l  #l#€tro4«  tiiai  fsr  tli9»«  wmpmrimmU  it  i^swo  ir. 

Fig,  1.  Mielwii  •**  «••«*  *I#cti*d49«  to  re4»e«  cmmmimmUm  sf  lh« 

•liiKiuii  §••« 

thit  «l«ctfo4*  ifitaitt  If  tlmHiir  to  !-©•  Alsmsi  ‘♦wla«  glafi” 
cdaUgoratloo  diiicfi^4  hf  Scott,  bot  MHwtw  in  tliat  ttMi^omltr  #l«ctroi9  w»* 
fsidotf  fe*ck  aleiif  'tlia  tafloa  lajwIiitioB  to  fwf th«r  mlnluil*#  th«  nmtrirnl  cir¬ 
cuit  isdttcttiac*.  With  tM»  mwmg^mmnU  A*  •otir#  •ytteis  from  capacitor 
thwmigh  tpark  gap  aad  A*  fhock  tub®  ♦l,®ctr^«*  w«i  co«d^  aad  A#  iii*tc- 
tft'Uff#  f}{  tifen  ci^cfult  upSii  t#  s  0*^pS5  A  i»  1 

microfarad  coweiaiiy  cmmtmntmA  capacitor  wim  an  iaiiiettittc®  of  0.040  micro- 
banri®!  waa  wtad  la  Aa  nmwm  atorag®  oyatcm.  Tb®  ring  fragmaacy  of  A* 
ayatcm  waa  520  be.  Tb®  capicitor  waa  charged  each  time  to  SOkv  |500Joulao| 
am!  diachargad  through  a  apark  gap  triggered  by  an  Induction  coil,  to  each 
cmi€  til#  pr^^Burm  in  the  iheck  tnhe  wme  |ire*^#et* 

Moat  of  Ae  poaltioa-tima  daA  were  cAAtoed  Arough  uae  of  an  image 
converter  framing  camera,  with  which  a  eet  of  five  plcArea  of  the  gat  tonti- 
noeity  waa  obtained.  The  expoaure  time  per  frame  could  be  varied  from  0,020 
microaeconda  to  0. 5  mlcroaeconda,  whUe  the  time  between  framea  could  be 
adjuaAd  from  0. 5  to  25  mlcroaeconda,  A  phoA  cell  trigger  which  waa  poal- 
tioned  at  Ae  end  of  Ae  ahock  tube  waa  uaed  to  initiate  the  time  aequence  of 
Ae  P.  T.  1.4  camera.  An  example  of  Ae  framtog  camera  record  ia  ahown  in 
Fig.  2, 


Four  aeta  of  framing  camera  ahota  are  picAred  here.  The  firat 
frame  ahowa  no  ahock  luminoaity  alnce  Ae  frame  ia  itotiated  only  50  milli- 
microaeconda  after  a  trigger  pulae  ia  ap^ed,'  The  tight  atripa  viaible  on 
aach  frame  were  regitma  covered  by  Aataace  marker  atripea  painted  on  Ae 
glaaa  ahock  Abe,  The  preaaure  at  which  Aia  particular  daA  waa  obAined 
waa  one  millimeter.  The  time  between  framea  waa  approximately  5  micro¬ 
aeconda  and  the  expoaure  time  per  frame  waa  0, 1  microaeconda. 

The  image  converter  daA  were  recorded  on  Polaroid  transparenciea 
to  aid  in  Ae  aaalyaia  of  the  poaltioa-time  information  and  Ae  expoaure  pulaea 
fed  to  the  image  converter  were  alio  Aaplayed  on  an  oacilloacope  for  Ae 
timing  information  on  each  ahock. 
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An  example  of  the  po*lti«m-time  dal*  it  ahown  in  Fig,  3.  Here  the 
dtaiance  x  i»  plotted  in  centimetcrt  from  *  point  located  halfway  between 
the  electrode*.  The  error  in  determiidng  the  poaition  of  the  luminoilty  front 
wa*  at  maxi  mum  3  millimeicra  (the  thickneea  of  the  diatance  marking  atripe* 
painted  on  the  ahock  tiibcK  ^hile  the  maximum  error  in  the  time  meaeure- 
mcnt  wai  limited  only  by  the  reading  of  the  record*  of  the  expoaure  ptslae 
and  wa*  at  moat  0.05  mi  roaecond*.  The  image  converter  yielded  four  x, 
t  pointi  on  each  *hot  and  four  ehot#  were  taken  for  each  preaaure.  The  am¬ 
bient  preaaure  wa*  varied  from  0,040  mm  to  10  mm  in  diacrcte  step*.  The 
data  could  be  rcpreaented  ^uite  accurately  for  each  preaaure  by  a  relation- 
ahip  of  the  form 


n 


t  a  ax 

a*  indicated  by  the  linea  drawn  through  the  data  point*. 


(1) 


If  one  u*e*  atrong  shock  theory^  and  aaaume*  that  all  of  the  gaa  ha* 
been  awept  up  and  move*  with  the  ahock  velocity,  one  can  prove  that 


E  ^ 


u 


2 


m 


where  E  ie  the  internal  energy,  ^  i«  the  kinetic  energy  per  unit  maa*  of 
the  thocked  gaa.  Further, 


+  T 

where  x  it  the  shock  velocity. 


(3) 


If  one  aaaumes  that  all  the  energy  dumped  into  the  gaa  goes  into  the 
ahock,  then 


W  = 


/>6  T 


(4) 


where  W  is  the  energy  per  unit  area  of  the  shock  front  and  (ir  is  a  volume 
element. 

One  can  integrate  this  expression  easily  if  it  is  assumed  that  all  the 
gas  is  picked  up  and  moved  with  the  shock  front, 


W 


^2  ^  Z  ^  .2 

>^o  * 


(5) 


where  is  the  ratio  of  specific  heats  of  the  shocked  gas. 


Assuming  constancy  of  jr*  and  W,  i.e.,  no  energy  attenuation, 
then  it  is  apparent  that 


.  2 

Const.  =  X  X  or 
3/2 

t  =  ax 


(6) 


a 


\ 


1 


i 


4 


A 


I 


I 


# 


-  284  - 


For  no  energy  lo*»,  then,  the  exponent  ihonld  be  S/2»  If,  however, 
energy  loet  through  heat  conduction  and  radiation  li  contidered,  then  one 
cannot  integrate  equation  4  directly. 

In  Fig,  4,  we  have  plotted  the  exponent  n  from  the  experimental 
data  vereue  ambient  preaaure  in  the  ahock  tube.  One  can  aee  that  at  the 
lower  prcfsurei  (40^),  we  approach  n  «  1.5.  We  have  computed  the  energy 
aiiociated  with  the  gaa  flow  in  the  ehock  front  by  tubitiiuting  in  equation  5, 
the  value  of  the  ehock  velocity  at  a  point  ierived  from  the  tj^trlmental  data, 
i.e. , 


n 


where  t  *  ax  , 

I 


k  * 


nax 


irrr 


from  which 


W  s 


^  2  Y 


nax 


Since  for  these  experiments  the  value  Y*  ie  cloee  to  one,  then 

W  . "y  . . »y" . '"■■y 


a) 


m 


(9) 


We  have  plotted  W  vereua  x  computed  from  equation  9  in  Fig,  5  for  eevcral 
preatures.  If  we  uae  the  entire  croea-aectional  area  of  the  tube  ('—'20  cm^), 
it  it  quite  apparent  that  the  energy  transfer  from  the  capacitor  to  the  gas  is 
not  too  effecient  (^10%  for  the  higher  pressures). 

To  obtain  some  idea  of  the  temperature  range  in  these  experiments, 
we  compu'led  the  temperature  from  the  shock  Mach  number  using  the  data 
presented  in  Gilmore^  and  velocity  determined  from  the  position-time  data. 

The  temperature  as  a  function  of  position  for  several  initial  shock  tube  pres¬ 
sures  is  shown  in  Fig.  6.  The  value  of  JT',  the  ratio  of  specific  heats  in  the 
shocked  gas,  u«s  also  determined  from  the  Hugoniot  of  air  to  24,000*K  and 
was  found  to  vary  from  about  1.10  to  1. 15.  Approximately  90%  of  the  internal 
energy  of  the  shocked  gas  goes  into  dissociation  and  ionization.  The  fluctuations 
of  the  temperature  at  the  same  ambient  pressure  reflect  variations  of  7^, 

The  measurements  with  the  funnel  system  showed  no  evidence  of 
secondary  shocks  formed  by  ringing  of  the  capacitor  system.  Subsequent 
measurements  using  a  streaking  unit  for  the  P.T.I.  camera  do  show  weak 
secondary  shqcks  exist;  however,  most  of  the  gas  is  driven  out  of  the  dis¬ 
charge  region  on  the  first  half  cycle  of  the  discharge. 

Observations  of  the  electrodes,  after  several  shots,  has  shown  that 
the  discharge  occurs  in  the  form  of  a  current  sheath.  The  discharge  currents 
were  sufficiently  large  (<^50,  000  amperes)  for  the  pinch  effect  to  become  im¬ 
portant,  Again,  observation  of  the  electrode  damage  confirmed  this. 
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To  improve  the  energy  trunifer  to  the  g*##  the  mfBUm  vme 
modified  to  chmirutte  the  triggered  §p4irk  g*p.  To  produce  »  di#ch4irft»  the 
•hock  tube  **•  evarujited,  the  condenter  charged  to  30  kv  ind  the  di*ch»rge 
vrfti  inilitted  by  admitting  atr  alowly  info  the  fhock  tub*.  With  t'feli  arrange¬ 
ment,  the  doifcnfiream  pretaure  lay  between  20  and  IbO  microwa  at  firing* 
The  poiition-time  data  were  recorded  over  3  mtitr*  of  ihock  mbt  by  two 
mcthoda:  photocell*  recording  the  paaaage  of  the  lummoua  front  and  by  a 
microwave  interferometer.^  The  data  are  compared  In  Fig,  f.  At  firat 
microwave  point#  lead  the  photocell  data  in  lime,  then  for  torn#  diaiawc* 
both  technique#  yield  point#  which  follow  the  iam*  curve.  At  later  time# 
microwave  penetration  of  the  ihock  front  occur#  when  the  imnnmUmi  drop# 
below  an  electron  d«n#ity  of  l§^^/cm^.  The  region  where  the  microwave 
point#  occur  in  time  ahead  of  the  luminoiity  may  be  attributed  to  photo  ioni¬ 
zation  of  the  ga«  ahead  of  the  thock  front.  Again  for  the##  pretiure# 
po#ition-time  data  could  be  adequately  fit  to  a  curve  of  the  form 

t  5  whtre  n  « 
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A,  €*  Ks4#.  Plifficikl  W.»y|tn>-  107.  14% 
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Wii¥#«  K.  Cl,  Marri#,  NR.L  Etf^ori  4ISf, 

mqaimnurn  Coftt|»o«inon  aorf  Tti«rmoayfMii«c  Pro^tm##  of  Air  to 
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CLOSING  REMA.RKS 


Roman  R.  Birukoff 
Structural  Rcaearch  Engineer 
Air  Force  Special  Weaponi  Center 
Kirtland  Air  Force  Ba«c,  New  Mexico 


Mr.  Birukoff  indicated  that  the  intcrcit  in  the  Shock  Tube  Sympo¬ 
sium  apparently  gained  a  momentum;  this  waa  evident  in  the  increaaed 
number  of  attendants. 

The  attendance  at  this  End  Shock  Tube  Symposium  was  double  of 
the  one  held  last  year  at  MIT. 

Before  closing  the  meeting,  in  behalf  of  the  Air  Force  Special 
Weapons  Center,  Mr.  Birukoff  thanked  the  participants,  momtori;  Mr,  Eric 
H.  Wang  of  AFSWC  and  Jack  Kelso  of  AFSWP  and  all  attendants  for  contri¬ 
buting  their  time  and  effort  to  the  success  of  the  End  Shock  Tube  Symposium, 
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mCRO-CARO 


CONTROL  ONLY 


NOTICE;  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
Alt  tJSED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A  DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILnT,  NOR  ANY  OBUGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  UCSNSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  C(»IVEYING  ANY  RIGOTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 
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